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ABSTRACT 

NATURAL LIGHT AND LIBRARIES 
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Supervisor: Professor G. Holmes Perkins 

Chairman of Graduate Group in Architecture and 
University Professor of Architecture and Urbanism 



To investigate the problem of light penetration and distribu- 
tion in moderate sized public library reading rooms, five tests, 
theoretical and practical, were conducted. 

The first test, using the sky projection concept, computed the 
percentage of the sky component received in the interior for the var- 
ious seasons and times of day in the North temperate zone. This was 
an attempt to satisfy the need for a useful tool capable of giving a 
quick and reasonably accurate result while the design is still in its 
early stages. At this stage in the design process, the intricate 
technicality of the illuminating engineers' tables and formulas have 
proven to be of little use. This study attempts to solve this prob- 
lem by simplifying the methodology. 

Utilizing the data of the C. I. E. simplified table for stan- 
dard overcast sky, the second test measured the relative influence of 
the window proportion, position, and area upon the light received at 
the work plane. 

m the third test, a model of a room was constructed to detect 
the surfaces influencing the amount of the internally reflected com- 
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ponent from windows located at one side wall. Under these conditions, 
the contribution of the ceiling and the rear wall were the decisive 
factors in the internally reflected component. This knowledge pro- 
vided the basis for a graphical method for determining, for lighting 
purposes, the optimum shape of ceiling and back wall in all types of 
rooms. This method proved to give more accurate, as well as more 
useful, data for the designer than the theory of integrated sphere 
or the split-flux concept. 

One of the reasons for eye strain and visual distraction is to 
read in an environment of unbalanced brightness grading beyond the 
the adaptive tolerance of the eye. For this reason, a fourth test was 
undertaken. to find a formula to be used in testing the efficiency of 
windows in providing balanced brightness in relation to the room size 
and the depth of the work plane. Data for this formula were obtained 
from recording the brightness distribution of both the natural land- 
scape and the sky luminance distribution. 

The fifth test- dealt with the influence of the window reveal 
shape upon the quantity and quality of light in the interior. The 
objective was to find a means of improving the window performance in 
cases where the freedom of enlarging the window is restricted. Win- 
dows with three different reveal shapes were chosen: reveals beveled 
to the exterior, square reveals, and reveals beveled to the interior. 
Based on the five above tests, the following conclusions are: 
1) that tall windows are more efficient in terms of light 
penetration and quality than either the square window or 
the horizontal window of the same glazing area, 
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2) that the ceiling and the back wall combined have the 
decisive impact upon the amount of the internally re- 
flected component, 

3) that it was possible to obtain a formula for bright- 
ness grading by observation and measurement of the dis- 
tribution of light in the natural landscape. For the 
three zones the relationship is 1:0.3:0.10. This con- 
firms a previous datum presented by Hopkinson for 
brightness grading, and 

4) that the window with reveals beveled to the exterior 
introduces a great deal more light than when the reveals 
are square or beveled toward the interior. 
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INTRODUCTION 

This study deals with the effect of the size and shape of win- 
dows and their reveals upon the quantity, quality, and distribution 
of natural light indoors, especially as these factors influence the 
design of reading rooms in moderately sized public libraries. 

The desirability Of natural light in reading rooms is sup- 
ported by countless scientific studies and the stated preferences of 
readers. Though no library can do without artificial illumination, 
yet this light alone, no matter how well contrived, cannot provide 
the reading comfort of well controlled natural light. A sufficient 
■ quantity of light for reading is not of itself adequate. It is the 
distribution and character of the light which gives the quality of 
illumination which is instinctively preferred by man, as noted by 
Hopkinson who says: 

"There is a strong demand for good natural light 
in spite of the considerable improvement in arti- 
ficial lighting during the last ten years.... The 
human vision is adapted to daylight and (that) 
conseguently artificial light necessarily in- 
volves a certain degree of unfavorable adaptation." 

This preference is confirmed in a recent study of six libraries in 

the United States of America 2 which showed that readers preferred the 



%. G. Hopkinson, P. Petherbridge , J. Longmore: Daylighting , 
Heinemann, London, 1966, (Introduction). 

2 Lester Kay Smith: A Study of the Architectural Design of 
Six University Library Buildings , University of Southern California, 
Ph.D., 1973, pp. 316, 324, 342, 343, 254, and 355. 






2 
libraries which depend for their lighting upon natural light. Though 

there is as yet, no fully satisfactory scientific explanation for these 
preferences, it is the author "s feeling that they stem from the anima- 
tion that natural light hrings into the interior. 

This instinctive preference, however, does seem to have sound 
scientific support. For both physiological and psychological reasons, 
Watman and Brownfield 4 urge the architect and lighting engineer to 
use natural light with its stimulating variety as contrasted to the 
enervating uniformity of artificial illumination. 

The eye has evolved by adaptation to natural light. The vari- 
eties of its intensities, the moving of the clouds, the apparent shift 
of the orbit of the sun, and the dynamic quality of light and shade, 
these results cannot be imitated successfully by artificial means. 

In order to define a "standard of adequacy" with which to mea- 
sure the quality of interior light received from windows, experiments 
were conducted outdoors on the Campus to study the nature and propor- 
tion of the distribution of the natural light. 

It became clear that pleasantness in an illuminated environment 
is governed far more by the relationship between the luminances in the 
surroundings rather than by their mere brightness. 

It should be noted however, that there is a tremendous differ- 
ence between the stimulus response to a room illuminated by artificial 



3 
Wurtman! Synchronization of Daily Endocrine Rhythms by Day- 
Night Cycles , Illumination Engineering Society, October 1968, p. 528. 

4 
Charles A.. Brownfield: Sensory Deprivation , A Comprehensive 

Survey , Psychologia, 19.64, pp.. 63-93 






3 
light, and to one. which, has. access to natural light. The difference in 

the. visual appearance, is great. The appearance of the objects in both 
cases is not the same. Since every object reflects wavelengths in dif- 
ferent proportions, and the artificial light is richer in some wave- 
lengths than others 5 , the appearance of the objects will never be the 
same under both the natural and artificial light, unless both lights 
have the same wavelengths.. This, however, is unlikely. Also, the dif- 
ferences in the spectral energy of the different sources of light do 
not appear as differences in the color of light itself, but as differ- 
ences in the color of the objects themselves 6 . While the quantity of 
light necessary for adequate vision for reading and writing can be 
provided by artificial light as well as by natural light, nevertheless, 
the shadowless light from the luminaries will make it difficult for 
the reader to determine, when the nib of his pencil will meet the sur- 
face of his writing page.. 

Our ability to obtain high levels of illumination by artificial 
means should not curtail our efforts to solve the problem of the pene- 
tration of natural light. As pointed out above, it can do so much to 
contribute to the comfort, well being, and health of persons using 
library reading rooms. 

Architects, who have responded effectively to the other func- 
tional requirements of the library, would still benefit from a better 



5 Derek_ Phillips ; Lighting in Architectural Design , McGraw-Hill 
Book Co,., New York, 196.4, pp.. 7Q, 72. 

6 i. e. S. : Light and Color , Illumination Engineering Society, 
August 19.69., p.. 516.. 



understanding of the behavior of natural light in reading rooms. 

This study attempts to further the understanding of the way 
light, penetrates a reading room and to provide an effective tool to 
test alternative solutions during the design process.. In order to do 
so, a series of experiments were performed on the Campus of the Uni- 
versity of Pennsylvania... 

These experiments, studies, and analyses enabled the author to 
extract the following criteria*; 

1 - to determine the appropriate shape and position of windows 

4 

for optimum performance, and to measure the influence of both the 
reveal shape and window proportion upon the quantity and quality of 
light in. the interior. 

2 - to invent a one-step methodology to measure the quantity 
of direct light reaching the reference point from any number of win- 
dows. 

3 - to devise an easy method for anticipating the percentage 
of overcast sky on an hourly basis in the north temperate zone, from 
32 degrees to 44 degrees North, during working hours, for windows 

of different shapes and orientations . 

4 - to develop a tool to offer a solution for the problem of 
sun control and a technique to be used to acheive this. 



* For psychophysical and biological influences, see Appendices 
1 and 2 V 






PART I 

CHARACTERISTICS OF NATURAL LIGHT 

AND ITS INFLUENCE ON THE DESIGN OF READING ROOMS 

Although natural light comes from all directions, it has a 
dominant direction. Even with a fully overcast sky, the zenith is 
60 percent brighter than the horizon with respect to any reference 
point on a horizontal surface. Without this dominant directionality, 
it would be difficult for the eye to perceive real bodies, their tex- 
ture, and dimensional solidity. In order for an object to be revealed 
it must stand clearly against its background and have a shadow of its 

own. 

When the task has two dimensions (for example, when writing a 
page) , light coming equally from all directions will render it diffi- 
cult for the writer to estimate when the point of the pen meets the 
page. Without shadow, one loses his main guide to perception as 
Blumenfeld points out: 

"A perfectly uniform brightness (and color) of the ' 
entire visual field would make all objects invisi- 
ble" 1 . 

Architects can, by controlling light and shadow, clarify the 
different aspects of their buildings. By positioning the openings in 
relation to the task, they control the appearance of objects as per- 
ceived by the observer, whose movement or position conforms to the 
intention of the designer. 



1 Hans Blumenfeld: An Integration of Natural Light and Artificial 
Light , Arch. Record April 1940, p. 51. 






In special cases, such as in reading rooms, the proper control 

of the direction of light frees the reader's vision from glare. In 

2 
the work of Sampson and Jones with pencil tasks, their findings- re- 
vealed that light coming from behind the observer does not remove 
glare, but is harder on the observer's eye than when some of the light 
comes from the front. 

Another important feature of natural light is that its waves 
travel in straight lines. Without this feature, there would be a dis- 
tortion of the whole environment visible to the human eye. For an 
image to be projected on the retina, every point of the source must be 
arranged on the mosaic of the retina in the same way as it is on the 
surface emitting the light. Any slight deflection of the rays would 
render difficult the locating of an object. The resulting illusion 
produced would cause disorientation. 

As light travels in straight lines, architects are aided in de- 
termining where to anticipate receiving light from windows located in 
different positions.. 

Although light itself is not visible, the reaction of the o- 
paque surfaces to light is perceived. This reaction depends upon the 
color lightness of the reflective surface. It is quite possible to 
increase the illumination of a room by an appropriate choice of sur- 
faces . 



F. K. Sampson, Bill F. Jones: Illumination Engineering Society, 
March 1964, p. 187. 
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Because natural light is composed of different wavelengths, 

and surfaces absorb some waves with different proportions while re- 
flecting others, the light reaching the eye differs in composition. 
The resulting light produces the sensation of color. If light were 
composed only of a single wavelength, the world would appear mono- 
chromatic with different shades, according to the direction and the 
angle from which it is seen. 

Thus with the properties of reflection and color of light, it 
is possible to control the brightness and the mood of a room. Using 
interref lections, the contrast between the light coming from the win- 
dows and that in the far ends of the room can be reduced. This re- 
duction in contrast helps reduce the glare. The quality of light in 
a room is judged by the relationships between the brightness of the 
different surfaces in the surroundings. Furthermore, discrimination 
of details under soft shadows is easier than under harsh shadows. 

The mood in a room can be varied according to the reflected 
color of light. While a white finished room under artificial light 
would appear to produce homogeneous moods , under natural light it 
produces different moods. For instance, the light in a room on clear 
days is not the same as on overcast days. Furthermore, the appear- 
Slice of the room changes as the sun moves , due to the shift in the 
peak of the spectral energy distribution . When this shift reduces 
the amount of energy in any part of the spectrum, the light appears to 
have different colors with different luminosities. Though this feature 



R. G. Hopkinson, P. Petherbridge , J. Longmore : Daylighting , 
William Heinemann Ltd., 1966, p. 50. 
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cannot be employed in the design of lighting, nevertheless, the 

variability in the luminosity and color of light in a room is essential 
for the stimulation of the visual system. This also gives the inter- 
ior the characteristics of external natural light. Hence, the occu- 
pants will not feel deprived of the external world. 

It should be noted however, that architectural responses to 
natural light usually conform to the way light is distributed in the 
natural environment. The size of the window, its orientation, and its 
proportion contribute to the producing of these responses . For in- 
stance, in library reading rooms, if a window is situated in a western 
wall, the window should be supplied with appropriate sun breakers to 
avoid the penetration of the low rays of the setting sun. Also, the 
room shape and its internal dimensions are governed by the quantity 
of light that can be obtained from its windows. If the room's size is 
not subjected to the limitations of its windows, the light reaching 
the task will be inadequate. Furthermore, the quantity of the inter- 
reflected light that is essential for the improvement of light in 
areas remote from the windows would be affected. The room boundaries 
should receive direct light from windows in order to be able to bounce 
it back to the task efficiently. 

Although the additive characteristics of light help to increase 
the illumination in a room, yet the uncontrolled freedom of creating 
many light sources is limited by the subsequent discomforts produced: 
glare discomfort, the appearance of many silhouettes, and the cumula- 
tive variable brightness on the objects. 

Our goal must then be to take advantage of the abundant and in- 
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expensive natural light, to minimize its negative side effects, and 

to solve any problems that are associated with it. 

Attention must be paid to the performance requirements of the 
reading spaces in the library, while at the same time, a pleasant 
atmosphere must be created to facilitate visual and psychological 
comfort and to contribute to optimum reader performance. 

We should not regard the fluctuation of natural light as a draw- 
back and a justifiable cause for the restriction of its use. Instead, 
it is an aid to improved vision and satisfies a biological and psycho- 
logical need. The quantity of light available externally even under 
a totally overcast sky, is ten times greater than one actually needs 
in the interior for most purposes , while on clear days the light is 
doubled. Though it must be controlled to meet specific requirements, 
we would be at fault were we to design buildings without considering 
the implications of natural light by substituting artificial light. 
Artificial light is justified only when daylight ceases or where its 
employment is inevitable. 






INFLUENCE OF NATURAL LIGHT 
IN THE NORTH TEMPERATE ZONE UPON DESIGN 

Areas in the north, temperate zone between latitude 32 degrees 
North and 44 degrees North, in the. United States of America are those 
which will be dealt with in this study. 

Because the earth's axis is titled 62.5 degrees to the plane of 
its orbit, buildings receive changing intensities of light throughout 
the year. This tilt of the axis causes the sun rays to fall upon the 
ground with different angles. The smaller the angle, the less light 
is received upon that plane.. 

Unlike buildings in the tropics, buildings in the north temp- 
erate zone receive sunlight only from the southern sky. Furthermore, 
horizontal surfaces do not receive normal rays of sunlight. 

With this approach, different elements of architectural expres- 
sion evolve to reflect the response of the buildings to both the in- 
tensity of light and the movement of the sun. The design of the 
openings and their proportions will be correlated with the displace- 
ment of the source and the condition of the sky cover, rather than 
with the appearance of these openings on the finished building. Even 
the layouts of the buildings themselves and their relative height and 
spacing represent a decisive factor in dealing with the condition of 
light in any location. 

Areas in the north, temperate zone included in this study exper- 
ience a cloud cover ranging from 23 percent to 66 percent of the 

working hours of the day. These proportions are dependent upon the 
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month.. of the. year and the. degree of declination of the latitude. 11 
The- determination, of the daylight levels in these regions is more 
dependent upon conditions, of overcast sky luminances rather than upon 
direct sunlight.. While the sun in tropical areas is nearly directly 
overhead during the. working day, in the north temperate regions, the 
sun is less directly overhead, ranging between altitude angles 25 
degrees: and 80 degrees.. This means that care should be taken to 
guard against the excessive brightness of the low sun. 

The frequent cloud cover that these regions experience and the 
low illumination that results, make it necessary to employ the reflec- 
tive properties of the interior surfaces to enhance the light in areas 
remote from the window. 

On some winter days, the snow covering the ground causes a high 
level of reflected light to reach the eyes of individuals if not 
screened. Thus the technique of daylighting in this region will be 
a compromise between the admission of sufficient light and the elimi- 
nation of unwanted glare and direct sunlight. However, improving the 
efficiency of windows would lead to a reduction in their sizes with- 
out affecting the general illumination of the interior. In such 
cases, devices for protecting the interior from direct sunlight would 
be simpler and more effective. 

The important factor that determines the degree of success for 
a daylight design is to have a clear understanding of the lighting 
conditions, of the region. This would be in terms of frequency of 
overcast sky, the relative, luminance distribution of the overcast 
sky > and the sun * s path with its azimuthal and altitude angles during 
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the, working hours, of the. day.. 

Ui. the. north, temperate zone., interior lighting requires both 
the. direct and the reflected light from the sky since the sun is not 
the dominant factor in the design of interiors used for reading. 
Thus, the size of the windows will be affected by the area of the sky 
available in front of the. windows, which in turn will be restricted 
by the height of surrounding buildings and their distance away. 

The ground and the facades opposite the windows may have a re- 
flectance of ten to fifteen percent of the light incident to them 
from the sky. This means that in overcast days, the light reaching 
the windows from such surfaces will be one-tenth to one-fifteenth 
that from the sky. Under such conditions, the ratio between the il- 
lumination in the interior to that received from an unobstructed sky 
could be taken as a useful factor in determining the relative lumi- 
nances of the interiors in different locations, provided that the 
effect of the sun is excluded. On the other hand, on sunny days, 
the reflected light from the ground would be greater than that coming 
from a clear sky. Adding to these, the effects of the sun mechanism 
on the condition of light in different seasons and the need for light 
modification and control are crucial considerations for the design 
in the temperate regions. 



INFLUENCE OF NATURAL LIGHT UPON 
HUMAN PHYSICAL ACTIVITY AND VISION 

Sight is the primary means for understanding man's relationship 
to his. physical environment. His ability to grasp this relationship is 
directly proportional to the amount and quality of lighting - natural 
or artificial.. To some degree, man's knowledge of a place may compen- 
sate for some reduction of the level of illumination. For example, a 
person in his own home, can move around or descend poorly illuminated 
stairs with greater speed and confidence than a guest who is unfamiliar 
with the house. The less the individual is familiar with his surround- 
ings, the greater is the need for an increase in brightness and clarity. 
Clarification provided by light enables one to proceed in a task 
with certainty. The requirement for a high level of illumination is 
more pronounced when the task involves man-made materials, or is me- 
chanical in nature. When discussing the activities of man, we have to 
distinguish between natural and mechanical tasks in order to under- 
stand the difference between the illumination needed for each. Viewing 
a natural landscape, walking, swimming, eating, or even interacting 
with other people does not require the same level of illumination need- 
ed for tasks of mechanical nature. In library reading rooms, for in- 
stance., the major task. is. reading and taking notes, which do not fall 
into the- category of natural tasks .. The books that are in use have 
different kinds of print, texture and color. In the manufacturing of 
these, books, consideration was given to the availability of natural or 

artificial lighting.. The sensitivity of the eye, its acuity, and 
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speed of assimilation were also factors that played a role in the de- 
termination of the final appearance of these books. Thus, these books 
came. with, the assumption of use under a particular range of illumina- 
tion.. Illumination engineers provided library reading rooms with 
stable, levels of illumination by employing artificial light. This 
standardization of light and the mechanical nature of the tasks has, 
in the judgment of users, made visiting such libraries unpleasant. In 
a recent study of six libraries in the United States , readers showed 
preference for libraries which were naturally illuminated. Furthermore 
neurophysiologists have found that when an individual is subjected to 
a prolonged uniformly monotonous visual stimulus, he experiences a 
decline in energy, health and the feeling of well being^. Moreover, 
it has been discovered that natural light is not only akin to the 
nature of man, but also its abundancy increases his energy output. In 
explaining this phenomenon, Huntington studied the work output of 
three hundred men working in two naturally illuminated factories. He 
found that their work output increased with the increase of natural 
light available at the end of May . Will an increase of artificial 



Lester Kay Smith: A Study of the Architectural Design of Six 
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lighting increase human, activity? The answer to this question is neg- 
ative, in that artificial light cannot be increased to the frequently 
available levels of daylight. For example, the average level of 300Q 
foot-'candles. of light was available in the campus of the University of 
Pennsylvania on. a clear day under direct sunlight on June 20, 1979, at 
1:30. P,M. Also, when electric light increases to just 125 foot-candles 
on the work plane, a definite feeling of discomfort from the infrared 
radiation of the incandescent lamps results . The same discomfort is 
felt when employing fluorescent lamps to produce 500 foot-candles of 
light on a horizontal plane 4 . 

As man is oriented toward systematizing his universe, he has 
found in the rhythmic cycle of the day . a means of regulating his bio- 
logical functions as well as his physical activities. The cycle of 
day and night has encouraged man to be active and to rest at certain 
accepted intervals of time. This generally induced unity of behavior 
under natural lighting facilitates accomplishing of the necessary 
daily routines of man. Furthermore, the changing seasons of the year 
with their various lighting conditions add interest and color to life 
by producing an infinite variety of natural animation and visual stim- 
ulation.. The level of human activity is influenced by these changing 
lighting conditions. Also a person's familiarity with the seasonal 
and atmospheric conditions in his. immediate environment are part of his 
identity and subsequent feelings of security. In this respect, Gauldie 
wrote; 



4 Ibid,, p, 5. 
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"One of the most foreign things about a 
foreign country, and one of the most homely 
about one's own, is the quality of its 
light.. The intensity and angle of the sun, 
its constancy or fickleness , the expected 
hours of sunshine in the day or year, all 
enter in the sense of place. *."-* 

The advantage of natural light lies in its capacity to illumi- 
nate the whole environment from a single source. If the lighting were 
insufficient to illuminate the area perceived by the eye, or if it 
originated from more than one source, the resulting light would iri- 
tate the. eye and distort man's perception of the space. Furthermore, 
some, portions of the visual field, which give cues to the viewer, 
would be obscured, and the viewer's expectations from past cognitive 
experiences would not be met. When the individual becomes aware of 
this ambiguity, he would first try to reconstruct and reinterpret his 
ideas according to experiences, culture, and knowledge familiar to 
him. If he failed to understand the reality of the situation, he would 
become, disoriented and insecure, with concentration becoming impossi- 
ble. Raynold (.1960). and Sarbin (19-64) , in their cognitive theories 
of anxiety 6 , postulated that when the individual is unable to under- 
stand events or objects, he becomes anxious and changes his behavior 
to reduce, this anxiety.. Furthermore, the inability of light to reach 
distant parts, of a scene distorts man's ability to estimate the real 
size of the surroundings from visual cues. Gogel (.1974) concluded 



Sinclair Gauldie; Architecture. , Oxford University Press, 1969, 
E- 133., 

e Tom Porter and Byron Mikellides: Color for Architecture , Van 
Wos.trand Reinhold Company, New York. 1976, p. 32. 
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that underestimation of the real distance causes underestimation of 

the size, of objects viewed in the distance when compared to nearer 
oh j ects ' .. 

On the. other hand, if the light comes from different sources, 
this will kill shadows, and it will be difficult for the eye to acr< 
curately perceive objects. The retina of the eye only perceives two 
dimensions, of any object and needs other visual cues to formulate the 
third dimension. Experience has taught individuals an expected rela- 
tionship between light and shadow. Changing this relationship can 
produce distortion and renders the environment unpredictable and even 
hostile. 

Natural light has: a combination of wavelengths, and the eye 
responds more to some wavelengths than to others. This means that 
visibility is dependent upon the composition of the light reaching 
the eye. 

Since ambient light is the product of the light reflected from 
the. surroundings, it is possible that visual fatigue can result ear- 
lier in some places than in others. This hypothesis has been examined 
only under limited conditions. For example, Ferre and Rand (1919)° 
examined subjects reading under different colored lights and found 
that discomfort and loss of efficiency were dependent upon the char- 
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acteristi.es of the dominant wavelength. They found that colors to- 
ward the red end of the spectrum are more favorable to acuity than the 
green, end.. When employing red light, the increase in acuity is from 
twenty to fifty percent more than under green light 9 . 

It is commonly known that color contrast improves visibility, 
but Eastman. (19681 demonstrated that a color contrast of more than 
sixty-five percent is of little importance to visibility regardless 
of the. combination of colors. Furthermore, he concluded that in some 
instances, values of contrasts above certain limits may reduce visi- 
bility.. He linked this to the condition of the color of the back- 
ground., When a color is lighter than its background, the visibility 
level becomes less than when the color is darker than the background 10 . 

One. may be surprised to learn that designing a library reading 
room with different surface colors or with colored objects does not 
improve visibility. This is because the chromatic aberration of the 
eye's lens would focus the different colors. Some colors will be in 
focus, while others will appear blurred as the eye minimizes the ef- 
fect of the blurred colors by constricting the iris to reduce their 
sizes (Kaufman 19.74)... This in turn, reduces the amount of light re- 
ceived by the. eye. This phenomenon will slightly reduce the hours 
and days. on. which, we can rely solely upon natural light. 



9 Ibid.., p, 156... 
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Another advantage of using natural lighting is that the inter- 
ior becomes an extension of the exterior which, in turn, creates a 
feeling of openness. The activity in the interior is linked visually 
with that of the exterior, creating a harmonious relationship between 
the two spaces and giving the occupant a feeling of belonging and 
well being. 

Furthermore, the direction towards which a window is oriented 
can induce various moods and emotions. For example, windows oriented 
due north tend to create a feeling of quiet coolness, while windows 
oriented due west tend to create a feeling of warmth and serenity. 

In conclusion, when the goal is toward maximizing physical and 
psychological well being, natural lighting should not be replaced by 
artificial lighting. The presence of natural light in the interior 
and the resulting effect of openness is a crucial element in the 
design of artificial interior spaces. This is especially true in 
reading rooms where mental and physical activity are aided or impeded 
by the existing conditions of or by the manipulation of the lighting. 



REVIEW AND CLASSIFICATION OF 
PREVIOUS STUDIES RELATED TO THE SUBJECT 

Natural light, the coxombry of all the natural environment, has 
normally Been of secondary importance, in the design of library reading 
rooms.. This was due to the following reasons: 

a I. the variability of natural light is uncontrollable, 

b) windows are sometimes sacrificed in favor of a compact plan 
to reduce the rate of the heat exchange between the controlled environ- 
ment in the interior and that of the uncontrolled outside. 

c) there was no certainty that by the elimination of natural 
light from the interiors, the efficiency, health, and longevity of 
the deprived occupants would be affected.. 

Accordingly, very little work, has been done specifically on the 
influence of natural light upon library design. Most of the solutions 
dealing with light were suggested by engineers who regarded natural 
light as an engineering tool, and the building as a regular box. 
Architects on the other hand, have produced ingenious solutions, but 
their work is usually based on artistic intuition and pragmatic solu- 
tions .. 

However, the solutions that have been proposed are mostly com- 
posed of methods to be used in. adapting the building to the existing 
conditions of light and direct sunlight.. The approach is based on 
normative, criteria, and the solutions are mostly obtained by the aid 
of complicated tools... These solutions are summarized as follows: 

1L They describe the. condition, that characterizes the light 

we. receive in terms, of solar radiation, spectral distribution, color 
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temperature, diffused sky light, reflection, refraction, absorption, 

and etc.. 

2)1 They recommend certain levels, of illumination required for 
each, task to achieve, accuracy, acuity, and speed, without producing 
hazzards, eye strain, or fatigue.. 

31. They also describe empirical methods to bring in soft light 
with, some artistic criteria developed to assist the architect in con- 
trolling and introducing daylight by the employment of building ele- 
ments and vegetation... 

4); Extensive work has- been done to solve the problems of glare, 
without the reduction of the level of illumination on the task, but 
this turned out to Be very difficult because all materials exhibit 
some specularity.. 

5). They describe methods to solve the problem of penetration of 
light into deep zones by the use of tracking, by concentrating reflec- 
tors, and by light conduits.. 

6) They explained the tools used for light prediction and con- 
trol.. The basic one is a space angle-projection of the sky from which 
different protractors, tables, and diagrams have been developed. Also, 
methods for calculating the interreflected component of light based 
upon the assumption that a room is a sphere. Therefore, the theory 
was called the. theory of integrating sphere.. There are also other 
tools, which: are. complicated in their applications . Most are dependent 
upon perspective, projection and what is known as component cards. 
Thisr will-be. elaborated upon, later in. this study.. 

7L They describe the employment of certain kinds of glass 
treated chemically to have, specific properties with regard to the ad- 
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missJ-Qn of the. amount of soft light and direct sunlight. 

•81. They describe- the influence, of the spectral energy upon 
the. human, health, and his feelings of well being.. This included the 
chemical and electrical reactions in both the eye and the brain to 
light,. Stimulus orientation, fixation, color vision, adaptation, ret- 
inal induction, geometrical, optical, and kinetic illusion, space per- 
ception, constancy, after-image, the effect of aging, covariance, 
temporal gradients of responses to subliminal stimuli, and so on, are 
described. 

Although, the technical solutions cover most of the problem re- 
garding the. illumination with, natural light, they are only effective 
when the design is completed.. Architects usually modify their plans 
continuously until they achieve their goals in the design, besides, 
as the tools need complicated preparations before utilization, arch- 
itects have disregarded those tools which fail to give an overall 
picture of the situation, since the results given are in terms of each 
window separately.. 

On the other hand, psychological research discusses hypotheses 
which only cast light upon certain observations about the human re- 
action to specific situations and conditions. Man, under laboratory 
situations, may respond differently than he would in the outside 
world.. Factors such, as pleasantness, contemplation, stress, and de- 
pression, can. modify all the. results of laboratory tests. For exam- 
ple, pupil size of the human eye is specifically sensitive to the 
state of the mental condition, since all psychological and sensory 
stimuli, with the, exception of light, dilate the pupil tGoldwater 
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19.7 2.)_. .. This, only indicates that it is not the light alone that con- 
trols; the- function of the iris, when tested for such purpose . However , 
most of the. literature, in. this group does not propose solutions, but 
discusses: causes and effects- of natural light upon the development of 
human culture.. Architects, disregarded this, too.. 

When employing technology, with only the problem of maintaining 
a stable level of illumination to be dealt with and considered to be 
the aim, neglected are the most tangible aspects of natural light, 
such as its influence upon health, and vision, and the less tangible 
aspects, such as the importance of natural light in contributing to a 
feeling of belonging and the variability of stimuli received from the 
outside. 

Since we are dealing with, natural light and its influence on 
the reading spaces, attention must be paid to the performance require- 
ments of the reading spaces in the library, while at the same time, 
creating a pleasant atmosphere which facilitates visual and psycho- 
logical comfort and contributes to optimum reader performance. 



1 Bran C. Goldwater: Psychological Significance of Pupillary 
Movements , Psychological Bulletin, May 1972, vol. 77, no. 5, pp. 340- 
355... 



PART II 



MODIFICATION OF LIGHT 

The aim of this chapter is to use the information described in 
Part I to solve the problems encountered in the employment of natural 
light in the reading rooms of the library. 

Because we are dealing with the north temperate zone, it is 
essential to indicate that methods that will be described here will 
eventually be different from those which are in use in different 
zones. The reason for this is that the intensity of light and the 
condition of the prevailing light in one zone is quite different from 
that found in other zones. For example, locations near the equator 
are characterized by clear blue skies and sunny days . While the lu- 
minance of the sky as received on a window may be 500 foot lambert, 
the reflected light from the ground exceeds this amount because the 
ground receives direct sunlight of about 10,000 Lm/ft 2 . When the 
average reflection of the ground is about twenty percent, the same 
window will receive a luminance from the ground four times that from 
the sky 1 . The design for day lighting in this case must take into con- 
sideration that the main source of illumination is not from the sky, 
but rather from the externally reflected component. 

In the north arctic zone the prevailing light is from the over- 
cast sky and when the sky is clear, the direct sunlight is welcomed. 
Therefore in the design for daylighting in such a location, the basis 
of the design is the concept of the Daylight Factor, which is the 



1 R. G. Hopkinson, P. Petherbridge , J. Longmore: Daylighting , 
William Heinemann Ltd., London, Melbourne, Toronto, Cape Town, Auck- 
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ratip of the internal illumination, at any position, to the illumi- 
nation as received on a horizontal plane from unobstructed sky. The 
effect of direct sunlight is excluded. 

In this study, we are faced with both conditions. All factors 
that influence the light in those different zones, and a method ap- 
plicable to the temperate zone with respect to the reading rooms in 
a library, must be included. 
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NECESSITY OF LIGHT MODIFICATION 






Daylight is fluctuating and its condition changes from season 
to season and from day to day, throughout the year. While on some 
days the light is intense, on other days it is not. We cannot change 
the condition of light as received from the sky, but we can modify it 
in the interior of our structures. We can introduce into the room 
the amount of light required for good seeing and reading, and exclude 
undesirable amounts when not needed. In all cases, the structure it- 
self cannot increase the quantity of light after its introduction to 
the interior. The reason for this is that the surfaces of the in- 
terior, though contributing to the internal reflected component, 
nevertheless, absorb some of the introduced light. It is, then, very 
important to know the quantity and the quality of light needed for a 
certain task before proceeding in the design. For instance, a solu- 
tion which is ideal for a space like a church ceases to work in a 
library, though in both places, reading is involved. At the same 
time, excessive light may cause visual irritation and glare discom- 
fort when not carefully monitored. 

This means that we have to analyze the requirements for visual 
comfort in the reading rooms before any attempt is made to find the 
best means of light modification. 

The primary function of light in a reading room is to provide 

the space with enough light to enable the reader to proceed in his 

task without eye fatigue or discomforting glare. This should be given 

special consideration, especially as the room is also used by groups 

such as the aged, visually handicapped, and so on. 

27 
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The secondary function of light is to enable the users of the 

space to perceive the whole reading room without unnecessary distrac- 
tions, and to provide gradation of light, rather than patterns of 
different intensities, which may inhibit interpersonal communication 
and give rise to glare. 

In considering the first function, investigation by Lythgoe 

2 
(1932). has shown that increasing the level of illumination increases 

acuity; the brightness relationship between the task and its sur- 
roundings determines the visual acuity. According to the Illumination 
Engineering Society, the luminance of a visual task which involved a 
simple object on a background can be equal to the luminance of the 
background . For optimum visual comfort in performing the demanding 
tasks of reading and writing, it is recommended that the visual field 
of the reader be divided into three zones. The first zone is that of 
the reading material itself. It should be from 12 to 35 foot lambert. 
The second zone is that of the immediate surroundings . The desirable 
ratio of the brightness of the object of the task to the immediate 
surroundings is 1:3 to 1:1, with the minimum ratio of 1:5. The third 

zone is the general background with the deisrable brightness ratio 

4 
being from 1:5 to five times that of the task . Such recommendations 
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and most of the data in its final forms are based on experiments on 
human subjects. This means that though they are considered as stan- 
dards, one may expect that some readers will consider them to be in- 
adequate, while others can read within lesser levels of illumination. 
From Part I of this study, we have discussed how the human being can 
operate with some degree of efficiency under low illumination levels 
due to the adaptation mechanism of the eye to varying lighting con- 
ditions. The most essential goal in the design of daylighting is, 
then, to satisfy three conditions. The first is to provide the read- 
ing room with, sufficient light, which can be achieved by the size of 
the. opening, and the shape of the. window reveal. One must remember 
that the light reaching the. window is. not uniformly distributed over 
the whole area of the opening.. As seen in Part Jl the light reaching 
the lower half of the room is- due to the light from the sky, while 
the lighting of the upper part of the room is dependent on the ex- 
ternally reflected component from the ground. If the part of the 
room above the middle of the window is receiving light from the 
ground and other external obstructions 5 , this means that raising the 
window as high as we can will permit most of the room to receive 
light from the sky.. The contribution of the external reflected com- 
ponent to the illumination inside the room will be reduced to a 
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minimum, thus i.t will follow that lowering the window will maximize 

the- effect, of light reflected from the ground and minimize that 
reaching it. from the sky.. While in the latter case, the color and 
the. intensity of light is. determined hy the reflectivity of the con- 
structed external environment and the color of vegetation or natural 
materials on the. ground.. The distribution of light in the former case, 
with the. window near the ceiling, is quite different in color and 
magnitude as it reaches the table top directly from the sky. The 
penetration of light through, the window into the interior is predict- 
able and directional, while the. light reaching the ceiling from the 
ground gives diffused light, which spreads over the working plane. 
It cannot be easily predicted, owing to the changing circumstances of 
land use. and the variability of the shadow cast on the ground from 
the buildings in the locality. 

There is another aspect which affects the quality of light and 
thus reduces the effectiveness of increasing the level of illumination. 
Unfortunately, this aspect cannot be seen by the human eye, but its 
effect causes inconveniences in acuity and ease of discrimination. 
As noted in the previous chapter, the actual amount of light falling 
on an object is not available to a person's perception, but the bright- 
ness of an object is judged by its albedo. This does not mean that the 
path, of the light rays from the. source to the object will have no ef- 
fect, on. the. clarity of that object as. seen by an observer. This de- 
pends-, of course, on his location, with- respect to the object and 
light, source.. To clearly illustrate this point we have to exaggerate 
the. condition, and then return, it to its original case. Now, suppose 
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that there is a, room with, walls of very low reflection with the win- 
dow opening admitting direct sunlight onto a print located on a 
table.; . if the. sun rays were made visible by filling the room with 
smoke, they could be. easily seen against the background. When these 
rays intercept the. person '-a line of sight to the opposite wall, they 
reduce the visibility of that part of the wall masked by the bunch 
of rays. In the same way we will see that the print can be easily 
read sideways or facing the window. In actual cases where sun is ex- 
cluded, the eye senses these variations, but since it acts as a fil- 
ter, we do not perceive them; instead, we unconsciously choose the lo- 
cation more comfortable to the. eye. This principle answers two ques- 
tions: first, why readers prefer a light source from their side, and 
second, why they prefer to read on the periphery under direct sky- 
light, rather than directly under it. This may lead us to the con- 
clusion that for optimum visual conditions, the angle between the 
incident light and that reflected to the eye should not be acute. 
Accordingly, the direction of light must be modified to meet this 
condition. 

Regarding the level of illumination required for reading, it 
should be noted that while increasing the level of illumination will 
result in an increase in acuity, Weston has shown that the increase 
in illumination from 100. ft-c. to 100.Q ft-c. will not improve acuity 
by a remarkable, degree. .. According to Phillips , increasing the 
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illumination. Qn. a difficult task will not let the performance, be. 
equal to that of an. easy task- with, lower intensity . In our case, 
the. difficult task. is. writing with, pencil or reading a page written 
with pencil.. 

According to Phillips 0-964) 8 , the required level of illumi- 
nation can be obtained by dividing the brightness of the task (which 
can be determined from the size of the detail) by the reflection 
factor (which is the percent of light reflected from the highest re- 
flecting surface of the seen detaill . By the use of the following 
formula, the brightness of any object can be obtained: 
180S - 1 - 5 ft. lambert 

where S is the size of the detail in minutes of arc. 
For the determination of S, multiply 3.435 by the 
actual size of the detail, measured in inches, and 
divide this by the distance between the eye and 
the object, providing this distance is not less 
than 12 inches. 

According to the British code (19.61) the minimum level of illumination 
must not be less than 15 ft-candle, even if the computed level of il- 
lumination is less than 15^-. 

However, this computation is based on the assumption that the 
person has normal vision. In the case of visual impairment due to 
age or disability, more illumination is required for the person to 
perform the same. task... Also, it is assumed that the lighting condi- 
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ti.png„.a,re. free from veiling reflections and sources of glares This 
will be. dealt with in. the. discussion of the. means of light modifica- 
tion, later on in this study.. 

The. second condition for good daylighting design is the con- 
trol oyer the distribution of light in the reading room. As a gen- 
eral rule, it should be emphasized that the presence of the source of 
light in the field of view of the reader can not be compensated for 
by any additional illumination. There must be an angle of separa- 
tion between the rays of light reaching the eye from both the window 
and the reading material.. According to Phillips , when the angle of 
separation is about 40 degrees, veiling reflections are considerably 
reduced, provided that the brightness of the source is not excessive. 

The object of the distribution of light is therefore to create 
a pleasant environment without forcing the eye to adapt to different 
intensities of light, while at the same time, avoiding the unpleasant 
uniformity of light. To lessen the impact of veiling reflections and 
thus, ease performance, the following technique should be taken into 
consideration : 

11 reduce the size of the window, 

21 reduce the window brightness by technical means tfor exam- 
ple, by providing it with, horizontal louvers), 

31 enhance, the reflectivity of the surrounding walls, and 

4}_ increase the angle of separation between the task and the 
source.. 
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Glaire. discomfort, another defect caused by the presence of 
shiny surfaces and glittering objects, cannot be measured in photo- 
metric terms, but the. physical factors which, cause it can be estima- 
ted by subjective assessments.. For example, one reader may be com- 
fortable in a place with, lesser illumination because he experiences 
no visual distraction from a window, or from a high glossy surface. 
On the other hand, another reader in the same reading room in another 
position may be distracted by the brightness of the sky from the win- 
dow, although the lighting for reading is satisfactory. While the 
one is satisfied by the lesser illumination, the other not only com- 
plains about unfavorable lighting conditions, but also considers the 
other person to be reading in the dark. 

Hopkinson indicates that to evaluate glare sensation, one must 
not approach it from the subjective intensity of the brightness, but 
rather, from the factors which cause glare discomfort. These factors 
can be summarized as being due to the brightness of the sky, its 
size, and its position as seen by the reader, and finally, due to the 
condition of the average luminance of the room's interior . The 
greater the contrast between the brightness of the window and that of 
the interior, the more discomfort will result. 

Since the remote parts of the room depend on their illuminations 
from the. interreflected light, more than directly from the window, the 
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leyels, of illumination at these, areas, will he much less than 

the. illumination. a t points- near the. window. Accordingly, the proba- 
bility of discomfort will he great owing to the adaptation required 
in. each. case*, it is necessary then, that provisions should be made 
so that those dim areas in. the. room receive light 1 from secondary 
or clerestory windows.. 

Hopkinson proposed a formula which is a modification of the 
B. R. S. Glare Formula 12 .. This is intended to be suitable for com- 
puting glare resulting from large sources. The modified B. R. S. 

Glare. Formula is: 

R 1.6 5 a..8 = G (B + 0? w 0.5 B } 

h s 

where B is the brightness of the cource in ft-lamberts 

W is the solid angular subtense without modifi- 
cation 

6 is the solid angular subtense of the source 
after being modified for its position in 
the field of view. This can be determined 
from Petherbridge ' s solid-angle diagram. 

&b is the brightness of the surrounding field 

alone 
G is the appropriate value of Glare Constant, 
midway between just uncomfortable and just 

acceptable glare. 

Though it appears simple, this formula cannot be used in the design 
process; if it is applied after the building is completed, it will not 
solve the problem of glare.. The reason is that B g , W and 6 are var- 
iables, with., infinite possibilities and becomes further complicated if 
the. room has several windows and/or the reader moves his head in 
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several directions.. 

Thus- it will Be more, convenient if models can be made and 
tested both visually and photometrically before execution on the 
site.. This also indicates, the necessity of using structural and 
landscaping techniques to reduce the detrimental effects of glare in 
the. reading rooms.. 

Another aspect which, influences the distribution of daylight 
in. the reading room is the physical setting of the window openings. 
A window, while emitting light, may at the same time, correct de- 
fects caused by other windows. For instance, an adjacent window il- 
luminates the wall containing the other window and reduces the 
brightness contrast between that window and its wall. At the same 
time, it adds illumination to the reading room since light is addi- 
tive in nature.. In spite of this, the adjacent window may cause 
visual distraction to the reader if its location is not correctly 
determined. 

The shape of the window also determines the distribution of 
light in the interior. For instance, a ribbon window will give even 
distribution of light in the area near the window, while light ceases 
to penetrate further in the room due to the low angle of incidence 
and to the reduction in the. area of sky viewed from the interior. 
In the case, of tall windows designed as vertical strips in 
the wall, the distribution of light near the window will not be as 
even, as that of the ribbon window with. the. same area of glass . Never- 
theless, the penetration, of light into the interior will be deeper and 
evenly diffused near the middle third of the room as light fans out 
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once penetrating a window. 

Splaying the window reveals to the interior will reduce the 
brightness contrast between the tall windows and the parts of the wall 
separating them as the light distribution is graduated in brightness. 
Splaying the window reveals to the exterior will result in a marked 
increased in the quantity of light admitted into the room. This will 
be further detailed in the last chapter of this work. 

Windows occupying the whole area of the wall admit more light 
but create difficulties in how to protect the interior from sunlight 
and excessive luminance. This- and all the above mentioned situations 
will be dealt with in the section discussing means of light modifica- 
tion. 

Direct and indirect skylights and clerestories, if well de- 
signed, will give even distribution of light over a large area of a 
horizontal surface, if they are positioned so as not to distract the 
reader or to prevent him from concentrating. Such skylights are not 
efficient for showing details of three dimensional objects in the in- 
terior but do not affect lighting for reading and writing on a two 
dimensional plane. 

The third condition for good daylighting is the reflective 
characteristics of the materials used in the artificially built en- 
vironment. 

You will see in Part IT that observations based on actual 
experiences in architectural projects ' have shown two im- 
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pprtant characteristics; first, the employment of surface color on 
walls, and ceilings reduced both, the quantity and quality of light, 
and second, the quantity of light was markedly improved with in- 
creased reflectivity of the. boundaries of the room. Though photo- 
metric measurement may have, indicated that the quantity of light in- 
creased by about 20. percent, the perception of light will be an in- 
credible increase. I have drawn these conclusions from observa- 
tions of buildings executed under my supervision in different sites, 
heights, and orientations in Egypt.. The rooms were first built with 
red bricks, and then were coated with plaster of Paris. This coating 
helped reduce glare because the brightness of the adjacent walls 
were enhanced by reducing the contrast between the window brightness 
and the general background as the plaster of Paris reflects about 
75 percent of the light incident upon it. 

There is another important point which affects the distribu- 
tion of light due to reflections. It is commonly known that matt 
surfaces diffuse light incident upon them in all directions. This 
affects the control of the behavior of light in rooms and has led 
some researchers, like Hopkinson, to consider the room to be a sphere 
to obtain an empirical formula for use by architects. The basic 
formula is.; 
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Average interreflected component = first reflected 

, flux from interior surfaces 

A (1-R). " ~ 
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Where. A i& the averse, reflection factor of all the 39 
boundary surfaces, in the. room, and where R is the 
average, reflection factor of all the. boundary surfaces 
expressed as a fraction of unity.. 

This: formula is useful in. determining the contribution of the 
| interreflected light to the Jig hting - of the ^^ ^^ ^^ 
tects. need a method to help them direct the reflections to certain lo- 
cations where they are more, desirable. 

To illustrate this principle, two experiments were conducted. 
In the first experiment, a rectangular mirror and a piece of white 
cardboard of equal size were used. Light from the window was permit- 
j ted to fall on the mirror. This light in turn, was reflected back to 
vertical white pipes near the floor, arranged to form patterns of 
light and shade against a dimly lit part of the wall containing the 
window. The area lit by the mirror was then marked. When the mirror 
was replaced by the white surface of the cardboard, the same area il- 
luminated by the mirror received light from the cardboard, but with low- 
er • intensity, m the second experiment, different samples of card- 
I boards of different colors and textures were used. With the aid of a 
light meter and a source of light, the specular angle of each was ' 
J measured. The results observed from both experiments showed that the 

light incident on matt flat surfaces is reflected in two ways, diffused 
| light in all directions with, very low intensity, and reflected light 
following the law of reflections.. This, reflection constitutes the 
principal, intensity of the reflected light and should be considered 
an. important factor in the. directionality of light, especially in de- 
[ signing with, sunlight.. The reason for this is, the declining rate of 
[ artificial light, after leaving the source, is higher than that of the 
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natural lights For example, the- level of illumination as measured 

near the. surface of a 40- watt flourescent lamp is 100.0 ft-c. At a 
distance of three feet below this lamp, the. intensity becomes about 
5.0. ft-c In the case study for a fixed size of window and room, a com- 
parison was made of the results obtained from the employment of natural 
light and artificial light.. Though the level of illumination at the 
external surface, of the. window was maintained at 1000 ft-c. in experi- 
menting with artificial light and at an average of about 400 ft-c. in 
experimenting on overcast days with natural light, the percentage of 
light received in the. interior at a point near the window was about 
twice as much as that produced by artificial light at the same point. 
Another observation worth noting is that the intensity of the light in 
remote parts of the room produced by artificial and natural means is 
identical even though the level of illumination at the exterior of the 
window was not identical. The reason for this is that the remote part 
of the room, being masked from the sky, depends for its lighting on 
the interreflected component. On the other hand, the artificial light 
was hemogeneously distributed over the whole area of the opening, and 
direct light from the artificial source reached every part of the room. 
Although, the natural light source is less in foot-candle magnitude 
than the. artificial light source, the resulting interref lection is the 
same, intensity.. This supports the hypothesis that when employing day- 
light ,as a, source, of illumination, for interiors, matt surfaces will act 
like, mirrors of low. reflection factor- This helps the architect to 
direct light, from the adjacent surfaces of windows to the remote parts 
of the. room... 
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!£. jnu&t b.e emphasized here that directing light by reflecting 

surfaces, if not well controlled, can cause serious problems to the 
distribution of illumination and to the adaptation mechanisms of the 
eye.. When additional, illumination reaches a dim part of the room, 
this illumination increases the brightness of the objects in such a lo- 
cation and also intensifies the. shadow cast on the immediate surround- 
ings.. This causes uneven distribution of brightness, and the dark 
shadows that result will make other objects that were previously visi- 
ble under a lower level of illumination cease to be detectable under 
the new circumstances. Consequently, the eye finds it difficult to 
adapt to this situation and will attempt to locate the source of such 
brightness v The eye will then turn to the expected source of bright- 
ness only to discover it to be a source of glare. 

Another aspect is that if such reflection comes from a lower 
level, anyone who intercepts the rays will render the situation worse. 
For reasons such as these, it is of utmost importance that the light 
that is reflected to the remote parts of the room should be from multi- 
ple positions. Also, the surfaces in the remote parts of the room 
should be light in color and free of obstructions, such as bookshelves 
or paintings. 

However, should necessity dictate the need for such objects, 
they should be. placed not higher than the reading table level . Further- 
more., the. tops of these surfaces should be of light color so they en- 
hance, rather than absorb the light.. 

The. tops of shelves or tables used by readers and are in plane 
lower than, their eye levels should be light grey so as not to distract 
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the reader as contrasting colors would. Light grey is considered 

the appropriate color for the problems of lateral inhibition, contrast 
sensitivity and chromatic aberration. Such problems are discussed in 
detail in Appendix I. Also, light grey contributes to the quantity 
of the interreflected light. 

It should be borne in mind when designing with daylight that 
though bright surfaces enhance the quantity of light, and its distri- 
bution, nevertheless, the differences between the brightness of such 
surfaces should not be great. Otherwise the eye will be constantly 
drawn to the brighter surfaces. At the same time, dull uniformity 
should be avoided since it produces monotony and boredom. 

Little attention has been directed toward the influence of the 
floor's reflection on the illumination of the interior. The reason is 
that the assumption was made that the floor would be carpeted or oc- 
cupied by heavy furniture, as in former times, when wooden tables and 
chairs had bulky cross sections and were massive in size. 

Nowadays, furniture is light, movable, and spaced comfortably 
apart. Similarly, windows were formally spaced by large piers and 
ceilings were higher so that any reflection from the ground would not 
increase the illumination of such ceilings. Also, the effect of the 
floor finish on the interreflected light was disregarded in favor of 
producing an emotional response from the eloquent atmosphere of the 
room. 

When we know- that light from the sky is more intense than the 
reflected light from the surroundings and that the latter falls di- 
rectly on the floor, we will realize the importance of taking full 
advantage of such a situation. 
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Though good interior lighting can be achieved without the 
employment of surface color, which is unnecessary as a parameter, some 
architects regard color as essential for the visual environment. For 
this reason, color and light must be studied together since the re- 
flective component is modified by the reflective characteristics of 
the colored surfaces. Hence, the quality of the color of the total 
environment is affected. The influence of white light on the ap- 
pearance of the colored surfaces has been discussed in Appendix I. 
However, here the study will be confined to the influence of white 
light upon colored surroundings without reference to colored light as 
this, along with color naming, its effect on the activity and the 
feeling of well being for the readers, was also discussed in the 
same Appendix. 

In this study, the Munsell system of reflectance value and 
Hopkinson's findings will be applied 14 . Munsell has adopted a means 
of measuring the visual appearance of colors in terms of lightness. 
Any color which gives the same reflection as another color is re- 
garded as having the same lightness and is given a number. Therefore, 
any surface colors, which have the same Munsell numerical value, re- 
flect the same quantity of white light although the reflected light 
will be different in color. He adopted a formula to compute reflec- 
tence, as follows: 



r-, 



14 

R. G. Hopkmson: Architectural Physics, Lighting . London 



1963, p. 110 f. 



44 

R = V (V-l) 

where R is the percentage of reflectance of 
white light 

V is the Munsell value 
For example, a surface color of Munsell value 8 will reflect 8 (8-1)= 
56 percent of the incident white light regardless of the color's name. 
Munsell then gave numbers to the appearance of the color of the re- 
flected light as a whole and named such grading by chroma. For ex- 
ample, if two surface colors are red and green and have the same Mun- 
sell value of 5, but the red has chroma 12 and the green has a lower 
chroma 6, according to the Munsell System, both colors will reflect 
20 percent of white light. Nevertheless, the reflected light from the 
red surface will be distinctively reddish while the reflected light 
from the green surface will be slightly greenish. 

The British Standard Color Range (B.C. 2660) has arranged 101 
colors and classified them similar to the Munsell System, and has 
arranged them in terms of white light reflectance . This gave arch- 
itects the freedom to -choose colors, while at the same time, giving 
them an opportunity to fulfill the requirements of reflected light 
quantity, according to the standard level of illumination specified 
by the Illumination Engineering Society. 

Hopkinson suggests that the necessary amount of reflectance to 
maintain appropriate level of daylight is achieved when the ceiling 
has a reflectance of 70 percent. This can be obtained by coloring 
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the ceiling with a color having a Munsell Value of 9, and when the 

walls have a reflectance of 55 percent or Munsell Value 8, and when 

the floor has a reflectance of 40 percent or Munsell Value 7 

In fact, to my thinking, the Munsell System is essentially 
meant for use in the comparison of value and chroma of different 
colored samples so that they can be manufactured and produced with 
certain specifications. On the other hand, when colors with their 
specifications are used in the interiors of the rooms, the finished 
work is quite different than the original sample. For instance, the 
color once used on the walls appears not only darker than the sample 
but also different in color. In practice, I found it very difficult 
to predict how a room will appear after it has been painted with 
colors. I suggest that the reason for this is that most experiments 
on colored surfaces were done according to the results of the first 
reflection without considering the influence of the interreflections 
that occur continually until absorption is complete. The eye is un- 
able to distinguish between the nature of the light illuminating 
such surfaces and the basic color of that surface. Colors in the re- 
mote dark corners of a room appear dull, whereas in the highly illu- 
minated zone, they appear brighter and have vitality. 

As has been discussed in Appendix I, colors always change when 
they are surrounded by other colors. The question is now whether the 
Munsell Value and chroma can be successfully applied in the field of 
architecture or whether another workable system should be developed. 
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In fact, architects may be reluctant to the idea of painting the 
darker parts of the walls with a higher Munsell Value and Chroma to 
compensate for the drawbacks in the appearance of colors in those 
parts of the room, and hence the poor quality of light. Shadows 
change in lightness or darkness according to the time of day and the 
condition of light during that period of time. 

Instead of involving ourselves in controversies as to which 
colors and compensations to choose in varying circumstances, this 
author would suggest that white is the most appropriate, substitute , 
as it never becomes dull in areas of lesser or greater illumination. 
However, designing the interior with white surfaces is not as sim- 
ple as might be expected. The reason is that the white interior ex- 
poses the reality of space without the illusion of depth, or the 
change in the appearance of the objects if moved from one place to 
another. It would be a good idea to give the interior some plastic- 
ity so that the gradation of white light on white surfaces give the 
impression of unity and coherence. 

Munsell Value is graded from to 9, that is according to the 
formula from percent to 72 percent reflectance of white light in- 
cident upon the surface. Realizing that the Munsell Value 9 is for 
light pastel colors which approach white, and considering the main- 
tenance factor, oxidization, and pollution from the environment, the 
conclusion will be that to achieve a certain level of daylight fac- 
tor, while at the same time, fulfilling Hopkinson's prescription for 
certain reflectances for room surfaces, the architect has to provide 
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supplimentary artificial lighting fox the areas that have low illum- 
ination levels or to repaint the surfaces frequently. When employing 
artificial lighting, colored surfaces would not appear the same as 

under natural light. The subjective reaction to brightness would be 

18 
greatly affected according to Hopkinson , because increasing the 

amount of energy will cause variations in brightness in a nonlinear 
manner, that is, equal changes in luminance do not lead to equal 
changes in subjective brightness. Thus, for a given environment, 
there is an acceptable level of brightness relationships in the sur- 
roundings, which the eye can tolerate without feeling discomfort. 

There is a relationship between the visual sensory response 
and the brightness of surface color. Since colors vary in their Mun- 
sell Value, there will be situations where light reflected from sur- 
face color in the shadowed parts of the room may not be sensed by 
the eye at that instant, though reaching the eye, because of the 
adaptation of the eye to the amount of light energy in the room. 
These rays of light may be falling on the eye, yet not perceived, as 
they are below the threshold of sensation in that particular situa- 
tion. 

However, this problem and other problems related to vision 

and subjective brightness demand a scale to be applied in practical 

19 
situations. Weber and Fechner have studied the relationship be- 
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tween brightness stimulus and sensation. Weber stated that just 

noticeable differences in sensation result from equal ratios of stim- 
ulus, while Fechner stated that equal intervals in sensation are pro- 
portional to equal ratios of the stimulus, Abribat ("1935) formulated 

a subjective brightness scale using the Weber-Fechner method which 

20 
Hopkinson also employed to formulate his proposal for a standard 

scale of apparent brightness. He linked luminance with adaptation to 
produce scales of apparent brightness. He did not include the effects 
of simultaneous contrast and brightness constancy, because such fac- 
tors are associated with the geometry of a visual field. He sug- 
gested that local corrections may be done in the interior and that 

his formula can be adopted without serious practical error. His stan- 

21 
dard apparent brightness scale is computed as follows : 

„ _- Log L - 4.40 
L °9 M = 2 ' 65 + 1.75 - 0.314 Log A 

where M = apparent brightness magnitude of 
area under study 

L = luminance (ft-lamberts) of area 
under study 

A = luminance (ft-lamberts) of adap- 
\ tation level. 

His formula is based on the assumption that in conditions of excessive 

brightness, apparent brightness is directly related to luminance. 

This formula is not effective under relative dark conditions, because 

in a very bright condition, a luminance change of 2:1 will be sensed 



20 

Ibid., p. 326. 

21 Ibid. , p. 341. 
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by an observer as a change of the same proportion, while under a 



very low brightness condition, an apparent change of 2:1 requires more 

22 
than a 5:1 change in luminance 

Since the brightness constancy and simultaneous contrast were 
not included in the formula, the direct application of this formula 
will not be effective without local corrections. 

Using white as the color in the whole interior means a high 
percentage of reflectance, about 80 percent, and this might dilute the 
problem with the resulting gradation of light and its hue being sat- 
isfactory. 



22 



Ibid. , p. 341 



TECHNICAL MEANS FOR LIGHT MODIFICATION 

The. objective in this chapter is to conclude with partial sol- 
utions to the problem of illuminating the reading room of a library 
with. the available, natural light, using simple methods which can be 
adopted by architects especially during the design phase, which fre- 
quently entails changes of the distribution of the elements in favor 
of factors other than illumination alone. The concurrent objective 
is to find a method to enhance the penetration of light or, in other 
words, to increase the coefficient of utilization . Inevitably, il- 
lumination of the remotest parts of the rooms will result. 

It should be borne in mind that increasing the light within 
the boundary of the room does not automatically mean achieving a suc- 
cessful solution, since the importance of the relationship among the 
different brightness of surfaces far exceeds the value of such in- 
crease. As we have seen in previous chapters, the reason for this is 
that the eye has a range of adaptation to certain brightness gradations 
which, if interrupted by sudden increase in brightness, will lead to 
eye strain. This will in turn casue depression and physical fatigue. 
Therefore, for any lighting design to be successful, the quality of 
light should not be sacrificed for the quantity, nor should the latter 
be divorced from the. former.. Each must have its role in serving the 
function., neither should mar the other, but should equally contribute 



The. coefficient of utilization is the ratio of the illumination 
at a point on a reading plane, relative to the illumination available 
at the window opening, in. cases where the freedom of changing the win- 
dow size is restricted., 

50 
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to the balanced distribution of brightness. 

Part of this chapter will be devoted to the discussion of 
lighting quality, enumerating different methods to achieve this goal. 

Since we are dealing with natural light in the northern temper- 
ate zone, which is characterized by its different climatic changes, it 
is necessary to develop more than one method in the phase of analysis. 
Later, after everything has been clarified separately, both will be 
combined to form a coherent solution applicable to different lighting 
conditions without militating against each other. 

It must be noted that extensive research has been done in the 
science of lighting by Illuminating Engineering Societies and by Amer- 
ican, Australian, English, and French authors. Their findings and 
publications will be referred to wherever appropriate throughout this 
discussion. A list of their publications is also incorporated in the 
bibliography . 

The approach of this study will be slightly different from the 
current ones, in that it will reveal some aspects which have been 
previously left uncovered. Some of these include the influence of the 
window reveal upon the quantity of light on a reference point in a 
reading room, and the role of the boundaries in determining the be- 
havior of natural light in rooms. Also, new data will be included, 
and simplified methodology to be used by architects who are by nature, 
reluctant to use the intricate geometrical formulas put forward by 
Illuminating Engineers who in most cases write about natural light 
with a lamp in mind. This is due to the variable condition of the 
natural light, and the variable factors, none of which can be fixed 
to permit control by means of a single formula. The protractors that 
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are. available, are many, however, none of them can give an idea as to 

what the. size, shape- or location of a window should be in introducing 

a certain amount of natural light in the interior. Instead they are 

designed as a checking tool to fulfill the requirement of the building 

code., usually after the design has been completed. 

The author ' s goal is to develop protractors which permit free- 
dom of choice in the matter of window location and size which, at the 
same time, do not require laborious drawings and preparations. 

This study '~s findings will be empirical and derived from ex- 
periments done on scaled models and photometric measurements . 

Emphasis will be upon the quantity of light received by a book 
either horizontally or tilted, without much emphasis upon the appear- 
ance of the display within the boundaries of the room, upon dramati- 
zation of the circulation, or upon certain parts of the compartment. 
The following discussion will be more scientific than artistic and 
hence it may not cover the requirements of other buildings which dif- 
fer in function and utilization.. Furthermore, this study should not 
be regarded as a reference in the matter of illumination, but should 
be regarded as an aid to those who seek use of natural light to facil- 
itate vision in a pleasant atmosphere. 

This, study is based upon data obtained during 1931-1960 from 
meteorological stations in different latitudes, distributed throughout 
the. United States, of America 1 .. This data was recorded by black-bulb 



1 
U v S. Department of Commerce., Environmental Science Service 

Administration; Weather Atlas of the, United States, June 1968, re- 
printed X9J5 by Gale Research. Cq .. f Michigan, pp. 19Q-207. 
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type sunshine, recorders and selected to cover latitudes from 32 de- 
grees; Norths to 44 degrees North., which, is the geographical range of 
this, study v 

Roth. American and Engligh. methodology will he the basis of 
designs since extensive, studies have been done in England by R. G. 
Hopkinson, P.. Petherbridge, J, Longmore, J. D. Kay, and others, with 
respect to the overcast sky condition prevailing there. As the Amer- 
ican method of using direct sunlight is more advanced, it will be 
adapted in this study using the works of Derek Phillips , Victor 01^ 
agay, John Flynn, and others.. 

It should be noted that although, this study has been conducted 
in the United States with its unique natural lighting conditions, 
nevertheless, the findings can be applied elsewhere, provided that 
the variables are modified to reflect the actual conditions of each 
locality. 

Clarification of some aspects is needed before dealing with 
the technology which guides those contributing to reading room design, 
using daylight as the "main source of illumination. 

The major aspect needing clarification is that the author's 
aim is not. only to provide, the reading room with adequate light, but 
also to meet the. general and individual needs of the readers. If the 
reading room is to function effectively, it should resemble a room, 
conform;' with.. a person's expectations of a room, and be characterized 
by- readily identifiable, walls, ceiling, and floor. Therefore, in 
considering the level of illumination at the reading plane, the bound- 
aries- of the room must be differentiated from each other by brightness 



leyels. N Man. cannot tolerate, reading in a room where the boundaries 
to which, he. customarily orients, himself have been perceptually re- 
moved.. Another point is. that while, we meet the standard of visual 
comfort, we. should observe: the. individual differences of age and 
visual capabilities.. Furthermore, the need for visual rest centers 
to gaze at must be- made, available, as we cannot assume that a read- 
er's task, is only to read with. concentration. There must be some 
moments for pause, reflection, and gazing around the room. If this 
is not present in the design, this will evoke negative reaction; 
the space, though, skillfully furnished with light, will be repulsive 
and will assert itself in a manner unendurable even to those whose 
readings have not been started.. 

Before designing for daylighting, the author recommends 
study of the Appendices- discussing physical and psychological per- 
ception, as these rank as equal in importance to the design itself. 

The problem of glare is still the first enemy of the designer 
and has exhausted those who have tried to tackle it. This problem 
has not arisen from light itself, but it is a cause which has been - 
created by us. Part of this chapter will be devoted to the cause 
and effect of glare and what we can do to dilute its negative effects 
until it disappears as a result of advanced technology. 

Having defined the objectives of this study, the next step 
is to begin discussion of the. technical means for light modification. 
We know that light reaching a reference point in a room is different 
in. intensity than, that reaching a window, though the latter deter- 
mines the. quantity of the former.. Light reaching the window comes 
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from various sources; the. direct sunlight, light scattered from the 

sky, and light reflected from the. ground or opposite buildings. Its 
quantity is directly proportional to the window size and the reflec- 
tances- of the surfaces of the. environment., The light reaching the 
reference, point varies, according to the position of the point with 
respect to the window, and the efficiency of the surrounding sur- 
faces in bouncing the. light back to the. point in question. Points 
along the window axis receive, light more than those not in view of 
the. window.. Increasing the. size of the. window may reduce the working 
surfaces and the amount of reflections.. To compensate for these 
disadvantages, it is- necessary to make provision for bouncing the 
light back to the work plane in order to provide it with a suffi- 
cient amount of light, especially in areas remote from the window. 
Accordingly, the surfaces of the interior, which receive direct light 
from the window, must have high reflective properties and be located 
as near as possible to the work, plane. Since the light waves travel 
in straight lines and since, any building material reflects light near 
its specular angles, it is possible to apply the law of reflections 
in handling the design of surfaces with respect to the angles of in- 
cidence.. This will serve, for the initial reflections, but since these 
surfaces are. adjacent or opposite, to each, other, and since light trav- 
els, with, speed from surface to surface and is reflected back again 
multitudes, of times without losing much, of its energy, interre flections 
occur and these, interreflections help increase the. amount of light in 
the, space v This is. beneficial to those parts which have no direct ex- 
posure to the window. The amount of this increase will be discussed 
..later- on in this chapter. Thus the difference between the light 
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reaching the. window, and that reaching the reference point is , that 

the. window- receives- light directly from the outside sources, while the 
reference point receives, light directly and indirectly. According to 
the. K. R.. S. Split-flux theory 2 , the window is divided into two halves, 
upper and lower.. The. upper half illuminates the lower section of the 
room under the. line of division, and the. lower half illuminates the 
upper part of the room over the line limit. The upper half of the win- 
dow receives light from the sky, if not obstructed externally; the low- 
er half of the window receives its. major light from the ground and ex- 
ternal surfaces.. This means that the. higher the window sill is above 
the floor, the greater will Be the area of room boundaries reaching 
light directly from the sky.. 

According to the. split-flux theory, an equation was introduced 
to represent the basis for the computation of the internally reflected 
component, I. R. C. This equation is: 

IRC = 0-85 W (.CR fM + SR^l 3 
A (1-R). 
where W = side window area 

R fw = average reflection factor for planes below 
the midheight of the window excluding the 
window wall 

Rqji = average reflectances of room surfaces above 
the Rf w limit, disregarding the window wall 

C & 5 are constants depending upon the brightness 

distribution of the sky and the reflectance of 
the. ground entering the room from above and 
below the horizontal dividing line respectively. 



T*,.. G.. Hopkinson.; Architectural Physics., Lighting , London, Her 
Ma,jes,ty*--s: Stationery Office, 19.63, p.. 81.. 

Ibid.., p.. 81.. 



Values, of "C" are tabulated in Hopkinson' s hook . Henderson and 
Ma.rs.den. postulated that "C" is equal to 4Q, while Hopkinson deter- 
mined "C as being equal to 4a - ^-. where "D" in degrees is the angle 
of obstruction.. 

R = average reflectance of all the room surfaces 
including the. window, wall.. 

Monograms- have been devised according to the above equation, and are 
known as the B„ R. S. monograms 6 . 

Paying attention to the above equation, the author wanted to 
know whether one can increase the amount of internally reflected com- 
ponent beyond the determined range of the equation and what factors 
have influenced this. A model at 1/1 00 scale for a room was construc- 
ted with a side window located in the middle of its long wall and 
having initially an area equal to 20 percent of its floor. The inter- 
nal dimensions of the room were 7.QQ meters in width and 14.00 meters 

in length, with a ceiling of 4.00 meters in height (see figures 1 and 

a 

lj-,) , The light was controlled so that the upper half of the window re- 
ceived light from the ground and the lower half of the window received 
light from the sky. The artificial ground had a reflectance of 70 
percent.. The reflectance of the. room boundaries were first designed 
to be 65 percent.. 



Ibid.., p.. 78.. 

S. T, Henderson, and A, M. Marsden (editors): Lamps and Light- 
ing, , Crane., Russake., and Co.. , Inc.. f New York, Second ed. , 1972, p. 433. 

R,, G.. Hopkinson; Architectural Physics, Lighting , London, 
1963, p.„ 83.. " 
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Figure l a Interior view of the. room (modell * 




j 




Figure l fi External view of the model showing the position and size 
of the window. 
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With, a color and cosine corrected photometer, illumination was 
measured as received at the reference point located at the foot of 
the. rear wall opposite to the window and along its axis. In the next 
step, the reflectivity of the interior was removed by covering the 
surfaces with black, color. The I. R. C. is therefore the difference 
between the. two readings measured for each. After the application of 
the black color over the total interior surfaces, when employing natu- 
ral light, the reference point lost about 89 percent of the illumina- 
tion it was receiving (see Table 1 ). This means that the I. R. C. 
has a significant influence upon the. illumination in the interior. A 
black ceiling alone causes a loss of about 71 percent of the illumina- 
tion received at the. reference point.. The surface areas of the two 
sides of the room combined equal the surface area of the back wall. 
The back wall, if black, causes a loss of 52 percent in the illumina- 
tion of the reference point.. The. two black sides of the room reduce 
the illumination by 33 percent and not 52 percent as is expected. 

Employing artificial lighting, the I. R. C. was found to con- 
tribute to about 87 percent of the illumination of the reference point 
being 2 percent less than that caused by use of natural lighting. 
With a black ceiling alone, the loss in illumination was slightly less 
than 50. percent.. With a black ceiling and two black walls, the loss 
in. illumination was about 55. percent., With a black ceiling and a 
black. rear wall, the. drop in. illumination was 81 percent. Figures 2 
through. 6 show the. results of experiments, which attempted to create 
different probabilities by either splitting the walls by color hori- 
zontally, or by positioning the. equivalent area of one side of the 
room (that is>; .7.00. by 4.00. meters), at different locations of the 
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Experiment 
Number 


Description 


lo 

ft-c. 

* 


In 
ft-c .. 


% Loss 

due to 

N 


1 


Floor black, only 


50Q 


155 


69.00 


2. 


Black ceiling only 


500 


145 


71.00 


3 


One side 7.0 x 4.Q Meters, black 


525 


40Q 


23.81 


4 


Two sides 7.0 x 4.0 Meters, 
black 


525 


350 


33.33 


5 


Back wall 14.0 x 4.0 Meters, 
black 


525 


250 


52.38 


6 


Window wall black 


565 


385 


31.86 


7 


Floor 14.0 x 7.00 Meters, black 


565 


185 


67.26 


8 


Ceiling and back, wall black 


575 


125 


78.26 


9 


Ceiling and one side black 


610 


147 


75.90 


10. 


Ceiling and two sides black 


610 


135 


77.87 


11 


Ceiling and floor black 


650 


103 


84.15 


12 


Floor and one side black 


660 


130 


80.30 


13 


Floor and two sides black 


685 


140 


97.56 


14 


Two sides black 


685 


475 


30.66 


15 


Back wall and one side black 


750 


300 


60.00 


16. 


Back wall and two sides black 


745 


280 


62.42 


17 


Back wall and window wall black 


725 


250 


65.52 


18 


Floor and window wall black 


75Q 


85 


89.10 


.19^ 


All surfaces, black. 


780 


85 


89...1Q 


20, 


All surfaces, black, except 
back, wall white 


830. 


125 


84 ..94 



* Source, of illumination - Natural 

Ip = Initial Illuminance. (ft-c«l 

Hi = Illuminance, after application of light 

TABLE 1 



absorptive surfaces 
Continued. 
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Continued .. 



Experiment 
Number 



21 



22 



23 



24 



TABLE 1 



Description 



All surfaces black except 
ceiling white 



All surfaces black except 
window wall white 



All surfaces black except 
two sides 



All surfaces black except 
floor white 



Io 

ft-cJ 



800 



860 



825 



675 



In 

ft-c 



125 



83 



80. 



75 



% Loss 
due to 

N 



84.38 



9.0.35 



90.30 



88.89 



Influence of the reflectivity of the room boundaries upon its 
illumination. 
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Experiment 
Number 


Descriptions. 


I 

Et"C* 


X N 
ft-c 


% Loss 

due to 

N 


1 


All room surfaces white 


85 


85 





2. 


One side. r..O. x 4.0. Meters hlack 


85 


70 


17.65 


3 


Two sides 7..0. x 4..0 Meters hlack 


85 


60 


29.41 


4 


Back wall 16.0. x 4.0 Meters 
black 


85 








23 


72.94 


5. 


Back wall and one side black 


85 


21 


72.29 


6 


Back wall and two sides black 


85 


18 


78.82 


7 


Black ceiling 14 ..0. x 7.0 Meters 


85 


44 


48.24 


8 


Ceiling and one side black 


85 


41 


51.76 


9 


Ceiling and two sides black 


85 


38 


55.29 


1Q 


Ofi liner, back wall, and two 




14.5 






sides black 


85 


82.94 


11 


Ceiling and back wall black. 


85 


16 


81.18 


12 ' L 


Ceiling, back wall, and one 
side black 


85 


15 


82.35 










13 


Ceiling, back wall/ two sides, 
and floor black 


85 


13.5 


84.12 


14 


All surfaces black 


85 


11 


87.06 








15 


All surfaces black except one 
side, white. 


85 


11 


87.06 


16 


All surfaces black except two 
sides, white. 


85 


11 ..5 


86.47 


27 


Ceiling, back wall/ and window 
wall, black. 


85 


12. .5 


85.29 



I : = initial Illuminance Cft-^cL 



* Light source Artificial 



L. - Illuminance, after the. application, of the light absorptive, 
surfaces. (ft-.cL 



TABLE 2 Influence of the reflectivity of the room boundaries 

upon its illumination.. 

Continued . 
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Continued . 



TABLE 2 



Experiment 
Number 


Description 


x o 

ft-c .. 


X N 
ft-c. 


% Loss 
due to 
N 


18 


Ceiling and window wall black 


85 


33 


61.18 


19. 


Window wall black only 


85 


65 


23.53 


20. 


Back wall and window wall black 


85 


21 


75.29 


21 


Back wall, floor, window wall 
black 


85 


17 


80.00 










22 


Floor and window wall black 


85 


50 


41.18 


23 


Black floor only 


85 


51 


40.00 


24 


Floor and one side black 


85 


50 


41.18 


25. 


Floor and two sides black 


85 


47 

. _ 


44.71 


26 


Floor and back wall black 


85 


18 


78.82 


27 


Floor, two sides, and window 
wall black 


85 


42 


50.59 


28 


Floor, one side, and window 
wall black 


85 


46 


45.88 


29. 


Floor and ceiling black. 


85 


40. 


52.94 


30. 


Floor, ceiling, and one side 
black 


85 


38 


55.29 


31 


Floor, ceiling, and two sides 
black- 


85 


36 


57.65 


32. 


All surfaces black- except back 
w,all white. 


85 


30 


64.71 


33 


All surfaces, black- except f loo£ 
white. 


85 


11 


87 ..06 


34 


Windqw wall and one side, black 


85 


58 


31.76 


-351 


Window wall and two sides blact 


85 


5a 


41.18 



influence of, the. reflectivity of the room boundaries upon its 

illumination... 

Continued. 



Continued .. 



TABLE 2 
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Experiment 
Number 


Description 


x 
ft-c. 


ft-c . 


% Loss 
due to 








N 


Jfo. 


Window wall, ceiling, and 
floor black. 


85 


35 


58.82 


37 


Window wall, ceiling, and two 
sides black 


85 


31 


63.53 


38 


Window wall, ceiling, and one 




32.5 






side black 


85 


61.76 



Influence, of the, reflectivity of the. room boundaries upon its 
illumination.. 



Light source; Artificial ^ 



65 



Experiment 
Number 


Descriptions 


et-^c* 


J N 
ft-c 


% Loss 
due to 

N 


1 


All surfaces white 


42 


42 





2. 


One -.side. 7. .Ox 4.0. Meters black 
on center of back, wall 


42 


24 


42.86 


3 


One side 7..0. x 4.0 Meters black 
on one side of back wall 


42 


29.50 


29.76 


4 


One side black only 


42 


34 


19.05 


5 


One. side 7 . 0. x 4 ..0 Meters black 
in the middle of the. ceiling.. 
Long axis. on. long axis. 


42 


23 


45.24 




One side. 7. Ox 4.0 Meters black 
in the. middle of the ceiling. 
Long axis on short axis.. 








6 


42 


22 


47.62 


7 


One side 7.0. x 4.0 Meters black 
on one side, of the ceiling 


42 


33 


21.43 


8 


One side 7.0 x 4.0 Meters black 
in the middle of the floor. 
Long axis on short axis 


42 


29 


30.95 


a 


One side 7.0 x 4.0 Meters black 
on one side of the floor 


42 


34 


19.05 



10 
TABLE 3 

In = Initial illuminance 



* Source of light - Artificial 



Ijq = Illuminance after the application of the light absorptive 
surfaces.. 

Influence, of the. disposition of a black, side of a room in different 
locations upon the illumination of a room.. 



66 



Experiment 
Number 


Descriptions.. 


J X N 
ft-c* ft-c 


% Loss 
due to 
N 


1 


Back, wall 14.0 x 4.0. Meters black 


42 19. 


54.76 


2 


Back wall black in the. center of 
the ceiling 


42 19. 


54.76 


3 


Back wall black on the rear part 
of the. ceiling 


42. 19. 


54.76 


4 


Back wall black on the front 
portion of the ceiling 


42 23 


45.24 


5. 


Back wall black on the front 
portion of the. floor 


42 22 


47.62 



Iq *» Initial illuminance 

I N = Illuminance after the. application of the light absorptive 
surfaces 

* - Light Source - Artificial 



TABLE 4 Influence, of the disposition of a black back wall of 
a room in different locations upon its illumination. 
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Experiment 
Number 


Descriptions: 


*0 

ft-c* 


ft-c 


% Loss 
due to 
N 


J. 


Front wall 14.0 x 4.0 Meters 
black excluding the window 


42 


27.5 


34.52 


2. 


Front wall on back wall 


42 


27 


35.71 


3 


Front wall on front section of 
ceiling 


42 


26 


38.10 










4 


Front wall on the rear portion 
of the ceiling 


42 


25 


40.48 



Light source * Artificial 



Iq =. Initial illuminance 



I N = Illuminance after the. application of the light absorptive 
surfaces .. 



TABLE 5 Influence of the disposition of a black front wall 
Cexcluding the window) on different locations upon 
the illumination of the room. 
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Experiment 
Number 


Descriptions 


T 
ft-c* 


J N 
ft-c 


% Loss 
due to 

N 


1 


All lower half of the room under 
its center black 


55 


17 


69.09 


2 


All lower half of the room black 
except one side 


55 


17 


69.09 


3 


All lower half of the room black 
except two sides. 


55 


17 


69.09 


4 


All lower half of the room black 
except two sides and window wall 


55 


18 


67.27 


5 


Lower half of back wall black only 


55 


35.5 


35.45 


6 


Lower half of one side, black 


55 


51 


7.27 


7 


Lower halves of two sides black 


55 


46. 


16.36 


8 


Lower halves of two sides, back 
wall, and window wall, black 


55 


28.5 


48.18 


9 


Lower halves of one side, back 
wall, and window wall, black 


55 


30 


45.45 


1Q 


Lower halves of back, wall and 
window wall black 


55 


25.5 


53.64 


11 


Lower half of wall containing 
window, black 


55 


47 


14.55 


12 


Floor and lower half of window 
wall, black 


55 


24 


56.36 


13 -.;.-• 


.Black floor only 


55 


25 


54.55 


14 


All interior surfaces white. 


55 


55 


Q 



Iq ?=. Initial illuminance. * Light source - Artificial 

I N 5? Illuminance, after the. application of light absorptive material. 

TABlE. 6 Influence, of the. division of the. wall color upon the 
illumination, of the. room-. 
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interior surfaces.. However, the. results showed that the combination 

of the back, wall and the. ceiling has the major contribution upon the 
illumination in the interior.. 

To further check this- phenomenon, a new experiment was conduc- 
ted in completely dark- surroundings using a free standing wall con- 
taining a window. Then an. artificial sky was constructed on the side 
of the external wall so that no light could illuminate the surroundings 
unless it passed through the window. The direction of some of the 
light was controlled to achieve ground reflection to the upper half of 
the window Csplit-flux theory)'.. With the aid of the photometer and 
the free movement of the room boundaries, many room shapes could be 
constructed using different heights and inclinations. After extensive 
trials and measurements, it was discovered that side walls are effec- 
tive only when they are placed approximately close to the window 
opening. In any other setting, their contribution to the reflected 
component is local and at only a very short distance from the wall. 
The ceiling can have significant effect if the illuminated area of its 
surface exceeds 25 percent. The rear wall, on the other hand, played 
the major role in the I. R. C^ Optimum results were obtained when 
both ceiling and rear wall was tilted towards the plane of the window 
wall, the. far edge of the ceiling tilted downwards and the upper edge 
of the rear wall was titled to the. interior of the room. This proves 
that the. surfaces, of the room act as reflectors of efficiency, depen- 
ding upon their reflection factor, and thus follow the law of reflec- 
tion^ Thus., considering a room as having a sphere of average reflec- 
tion factor split into two parts, cannot be taken for granted, though 
it is- useful in determining the. I. R. C. of conventional rooms and 
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checking for an overall estimation; nevertheless, it constitutes re- 
strictions to the. designer and does not encourage innovations in the 
design, with, natural light.. 

Thus-, our results do not support Hopkinson's remark that the 
side, walls near the. window, have, a significant contribution to the 
I. R. C.., and the ceiling and Back walls are only given high reflec- 
tance for subjective reasons and appearance. Hopkinson's lack of 
clarity in his discussion is evident to the reader as he states in the 
same, paragraph" 

" — in addition, a light coloured ceiling and a 
light coloured back wall does enhance the intern- 
ally reflected light by raising the average re- 
flectance of the whole room so that it has 
quantitative significance " 7 

rt was. observed that the ceiling and the back wall have more quantita- 
tive significance than the. side walls even if the window is placed 
near a side wall.. This can not only he argued experimentally but 
also theoretically. The window receives its light from three paths: 
the sky, the horizon (or external obstructions), and the ground. 
Since light travels in straight lines and has a very short wave length 
it does not Bend around a partition or bend after penetrating an o- 
pening.. Thus the surfaces opposite the window receive the major 
quantity of light.. Each of these, surfaces reflect light according to 
the. amount of light falling upon them, depending on their reflective 
coefficients v If the light entering a window, is allowed to spread over 



R._ G. Hopkinson; The Lighting of Buildings , Faber and Faber, 
London, 19TS9:, p.,,.89.. 
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a wide, area., such a,s in the. case, of side walls, the intensity of 
light in. a point near a window will be. much greater than that falling 
at some, distance, along the- side wall. At the same time, the area of 
the window as seen from any point along this side wall, is less than 
that seen from a point at the back wall. It could be argued that the 
back wall receives no light in. the presence of an external obstruction 
and thus., will receive less light than the side walls. This is true 
for a small part of the side wall, but the major area of it receives 
neither direct skylight, nor sufficient amount of reflected light 
from that external surface; hence, the total amount of reflections 
received from the whole area of the wall will be inferior to the 
quantity received from the. back, wall .. The same thing can be said 
about the ceiling which, receives light directly from the ground. In 
many cases the ground receives light from direct sunlight and reflects 
about 15 percent of it to the ceiling.. On the other hand, if the 
ceiling is made to receive direct sunlight by letting the head of the 
window reach the ceiling, or by tilting the remote third of the ceil=:\ 
ing downward, the efficiency of the ceiling will not only be increased 
but the resulting brightness will also balance the deprivated parts 
of the. enclosure.. It should be observed that raising the window head 
to the ceiling, in addition to being of use to the ceiling, will raise 
the. sky component and will enhance, the. angle of incidence upon the 
reading plane... However, this must be carefully manipulated in such a 
manner as not to allow the reader to be. placed opposite the section 
of sky seen, from the. window.. This will be dealt with, in the discussion 
of the- problem of disability glare.. 
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According to the author's experiments and the above discussion, 

two examples, of reading rooms with, side windows exposed to different 
lighting conditions are presented. These examples, as shown in Figures 
2, 3, and 4 emphasize, the method rather than the solution and it is 
left open to future innovations as long as these principles are observed. 

Before discussing the proposed simplified methods of calculating 
the. interior daylighfing in a room, elaboration is needed as to the in- 
fluence of the window reveal on the quantity of light received in a room. 
The shapes of the. window reveals under discussion are either straight or 
beveled.. The. internal size of the window is maintained constant while 
comparing each, case.. The reveal is beveled either to the interior or 
to the exterior at 45. degrees and the straight reveal extends 12 centi- 
meters, beyond the external wall to form a frame around the opening, 
otherwise the thickness of the reveal is 0.29 meters. 

As the experiment was conducted, the window height was maintained 
constant at 1.30. meters, while the position of the window . (which is lo- 
cated in one wall of the rooml and its width are made variable. In the 
following chapter, the experiment and the findings will be discussed in 
detail.. What will be explained here is how the quantity of light and 
its. distribution inside the room are. influenced greatly by the reveal 
Shape.. Figures 5., 6 ( 7, and 8 show, contours of relative distribution 
of; illuminances on. table, leyel recorded by a color and cosine corrected 
photometer when. the. sky was, totally overcast.. 

Since, the. quantity of light, at. a reference point inside the room, 
excluding interna.! reflections , varies according to the area of the sec- 
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tion of sky as. seen from the window, it follows that the greater the 

magnitude of the elevation and azimuthal angle as measured from the 

point, the. greater the quantity of light. Accordingly, a point has 

been chosen on the middle of the internal plane of the window, and the 

angle between the lines connecting the effective sides of the window 

has been named "the angle of gain".. The gain at that particular point 

is considered to be the highest gain, and no other point inside the 

room could have, equal gain. 

In the plans shown, there are nine fixed points of comparison 
marked by crosses.. If the angle of gain in a setting is equal or near- 
ly equal to another setting, the quantity of light would be expected to 
be equal or nearly equal in cases where the rooms have the same reflec- 
tances, sizes, and other equal circumstances. Comparing the results 
obtained, one finds that this is not the case. While the two angles 
of gain are equal, the amounts of light received at the reference point 
are quite different.' No one can claim that the gain at the center of 
one window is less than that of the other window when both have the 
same (or approximately the same) light falling upon them. What has in- 
creased the quantity of light in the one and not in the other? One ex- 
planation for this could be that a window with a reveal is not merely 
a hole in the wall but an external room from which the back wall is re- 
moved and is replaced by a cavity, which is the actual room in our dis- 
cussion.. This, can be called "the anterior chamber", to be distinguished 
from the enternal room, which, is actually the window itself. 

According to the findings, the external room should be designed 
so that it collects light and introduces it to the cavity behind the 
anterior chamber . 
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In the calculations, reference will be made to the influence 
of the reveal using the term "Reveal Reflection Component", R. R. c., 
the value of which is dependent upon the type of bevel, surface re- 
flectance, and its area. 

In the case of the reveal bevelled to the exterior, all the 

sides will receive light from the cky, the ground, and the external 

obstructions, if any. The contribution of the R. R. C. to the total 
sky factor in the interior will be as follows: 1 

R.R.C, = 0,19 R p . S.C. . % 

where R = reveal surface area 

p = reflection coefficient of the reveal 
S.C. = sky component 

0.19 is a constant obtained from considering that the reveal 
is exposed to half quadrant of sky and therefore, having a sky fac- 
tor of 25 percent. In the same sense, the ground reflects 20 per- 
cent of the incident iight falling upon it to the reveal. The 
maintenance factor is about 50 percent efficiency, and glass trans- 
mission is taken as 85 percent. 

In the case of the window having external obstruction, de- 
termination is made graphically as to the portion of sky that has 
been obstructed; this is multiplied by the reflection coefficient 
of that obstruction, or by 10 percent, if not known. Identical 
area from the sky is omitted. Thus, the equation will be reduced 
to; 2 
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R.R.C. = 0.19 R A . p . S.C. - 0.1 E % 

where E ft = area of external obstruction 
enclosed in the half quadrant 
of sky opposite to the window 
center 



In the case of a window with straight reveal without external 

3 



obstruction, the equation will be: 



R.R.C. = 0.33 R . p . S.C. % 

where 0.33 is a constant obtained from 
considering the reveal 

In the above case, equation number 3, 50 percent is exposed 
to the sky and 50 percent to the ground, and the maintenance factor 
is 65 percent, since the reveal is accessible. The transmission of 
the glass is taken as 85 percent, as previously. 

Obstructions, if any, can be treated as before, by subtracting 
the patch of sky removed from the window by such obstruction, as seen 
from the average point in the reveal (or middle point) , and adding 
the effect of the obstruction by multiplying its area by its reflec- 
tance, or by 10 percent, if not known. 

In the case of the reveal bevelled to the interior, the con- 
tribution of the reveal will be minimum, since any light falling 
i 
upon it from the sky will be spread over the whole surface of the 

reveal. Maximun results are only obtained from the part of the 
reveal at the level of the window sill. It is safe to conclude 
that the R. R. C. obtained in such a case, considering other fac- 
tors, such as the possibility of the lower reveal to reflect light 
to the ceiling, is 30 percent that of the straight reveal. Hence; 4 
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R,.R..C. = CL.11 R . p .. S % 
I.t is now possible to add the influence of the reveal to the total 
component reaching the reference point. Since the light reaching the 
reference point is the sum of the sky component, the externally re- 
flected component, and the ..internally reflected component, the equation 
can be written including the effect of the reveal as follows: 5 

S F = S c + E.R.C, + I.R.C. + R.R.C. 

where S F = sky factor 

S c = sky component (will be discussed) 

E.R.C.= Externally Reflected Component 
I.R.C. = Internally Reflected Component 
R.R.C, = Reveal Reflectance Component 

This sum is expressed as a percentage of sky factor (Sp%) . This means 

that the sky factor (.S F ) will be determined according to the time of 

the day and the season of the year. The E. R. C. is the externally 

reflected component resulting from light reflected from the ground and 

from the oppoiste facades to the window. Its magnitude depends upon 

the reflectance of the surfaces, the distance between such surfaces 

and the window, and the condition of the light. The light reflected 

from the ground is. received by the upper half of the window reveal and 

by the upper ceiling of the room, while light reflected from vertical 

Obstructions, such as building facades opposite the window, illuminates 

the. rear wall and the horizontal reading plane, according to the area 

of the. obstruction as seen and determined graphically from a reference 

point., IX follows that the further the obstruction is, the less the 
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area, will be, and the less its influence is upon the work plane. It 

should he. noted that although we design the lighting for the worst 
cases, the. amount of reflectance will increase on sunny days, espe- 
cially if such, surfaces are facing the south. Nevertheless, this 
should not be an obstacle, as an increase in the E. R. C. will cause 
an increase in the. internally reflected component, and the ratio will 
remain the same.. In semi-cloudy regions, this will cause light to 
fluctuate, in the interior and become a source of annoyance. This is 
worse on windy days when the direct sun is blocked out for short in- 
tervals.. This means, that where the location is characterized by such 
conditions, orienting the window due north, when there is a permanent 
obstruction facing the window, does not secure a constant level of 
illumination in the interior. To avoid this problem, the window 
should be either high enough, and positioned horizontally, or should 
helocated away from such obstructions. Such arrangements will cause 
the ceiling to receive much of its light from the ground and partial- 
ly from the horizon.. This will compensate for the loss of light in 
the area of the front wall which contains the window as a remarkable 
increase in the internally reflected component, I. R. c. will be 
caused by increasing the illuminance of the ceiling and by providing 
a reflective, surface, under tha window sill. 

Thus the. E, R. C. is equal to the area of the obstruction as 
seen, from the. reference point, which can be determined graphically from 
a scale, drawing, multiplied hy its reflectance and then by the sky 
component falling upon it. 

To simplify the method of determining the sky component, the 






author has. designed a protractor from which one can obtain the value 
of the S c % onca the effective azimuthal and elevation angle has been 
determined.. The value of this protractor lies in that it can be used 
not only for vertical windows, but also for skylights and windows at 
any inclination as long as they can be seen from the reference point. 
The approach and the design method will follow. However, it should be 
noted that there are many graphs and tables which can be used with 
great accuracy for the calculation of the sky component. 

1, One source is the Building Research Station's Daylight 
Protractors (.B, R. S .)., which . is comprised of five pairs to be used 
for different window settings 8 . While the B. R. s. based its design 
upon the illumination coming from a uniform sky to an infinitely long 
horizontal window with parallel edges placed on a vertical wall, this 
author's design is based upon the illumination resulting from an ele- 
ment of a non-uniform overcast sky as projected on a horizontal plane. 
The reason for this is that this study's experiments designed for the 
overcast sky of the U. S. A. are found to conform to the relative 
distribution principle adopted by the Commission International de 
L'-Eclairage (C. I. E.). in 1955 9 . The main feature of the C. I. E. 
relative luminance distribution is that the luminance at a point re- 
ceiving light from an overcast sky at an altitude angle "9 « above the 
horizontal is equal to one third of the luminance at the zenith multi- 
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R. G. Hopkinson, P. Petherbridge , J. Longmore: Daylightinq 
Hememann, London 1963, pp. 128-156. . aya-L^mg , 



9 Ibid., p. 43, 
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plied by Q. + 2 sin0 ) . That is L = 1/3 L (1 + 2 sin 6 ) 10 * This 
means that the. B, R. S. protractors will give greater values of S c for 
vertical windows than those obtained from the C. I. E. relative lumi- 
nance distribution.. 

2.. There is also a diagram which was devised by P. J. and J. M. 
Waldram in 19.23 and is known as the Waldram diagram^ 1 . Their method is 
similar to ours in principle but it is different in design. While this 
author's proposed design is based on the solid angle projection on a 
horizontal plane, the Waldrams constructed a retangular network with 
abscissae proportional to the azimuth angle and with ordinates propor- 
tional to Cl/2-.sin 2 9+ 2/3 sin 3 ) where is the angle of elevation 

so that 6k is proportional to 6k, and 8y is proportional to S (sin 

2 12* 

cos 0+2 sin cos ) . Tracing the outline of the sky visible 

from a reference point on the diagram and dividing the area enclosed by 
the trace by twice the area of the network, will give the sky component 
at any reference point in the interior. Two Waldram diagrams juxta- 
posed opposite to each other are necessary to calculate the S c due to a 
skylight.. Unlike the protractor in this study, the Waldram daigram 
cannot be used for more than one side of a room at a time. The pro- 



10 S., T. Henderson and A. M. Marsden: Lamps and Lighting , Crane, 
Russak and Co.., Inc., New York, 1972, p. 421. 

■ 1 - 1 P.. <?.. and J. M. Waldram: Window Design and the Measurement and 
Predetermination of Daylight Illumination , Illumination Engineering 
Society f London, 1923. 

12* 

S\ T. Henderson and A. M. Marsden: Lamps and Lighting , Crane, 

Russak and Co.., Inc., New York, 1972, p. 427. 
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posed protractor in this study can be used for all sides of the room, 

including the. ceiling, in one operation. Moreover, one need not com- 
pute areas as the results are obtained directly from the protractor 
which, will be. demonstrated later on in this study. 

3. J. W. T. Walsh has intriduced a formula to be used for 
rectangular windows exposed to a uniform sky. His formula is based 
on the relation between the width and height of the window and the 
distance between the plane of the window and the reference point. 
The formula used is as follows: 
Sky Factor = _ 50 m2 



D (D 2 + H 2 ) % 
The disadvantage of this formula is that the sky factor obtained when 
D is less than W is exaggerated. For example, if W is equal to 6 feet, 
and H equals 3 feet, the sky factor at a distance of one foot from the 
window will be 85.9.87 percent, while in actual settings it is less than 
half that obtained from the formula. The above formula was utilized to 
construct diagrams called "Unit-width Daylight Illumination" 14 . 

4. Pleijel, on the other hand, introduced a system of diagrams 
for the calculation of both daylight and sun penetration 15 by the 
s.tereographic projection of the sky vault. His system is not exten- 
sively used because of the preparation needed to obtain results. For 
instance, one of his diagrams for the horizontal plane consists of a 
number of dots where each, dot represents a 0.1 present sky factor. 



13 , . 

R,. G. Hopkmson, P. Petherhridge , J. Longmore: Daylighting , 

Heihemann, London, 19.63, p.. 181. 



. 14 

Ibid.., p.. 182. 



15 I. 



:bid. f p.. 183. 
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To know, the sky factor fox a reference point in a room, one has to pre- 
pare what is called the "screen figure" .. The screen figure can be pre- 
pared in the. case of existing buildings by photographing the patches of 
sky as seen from the reference point by a paraboloidal mirror. The 
photograph must be. transparent and the same size as the diagram to be 
overlaid.. By counting the dots seen through the transparency and di- 
viding them by the total number of dots (which, total 1004) , the sky 
factor can be obtained. 

For a non-existing building, a "screen figure" must be prepared 
from drawings.. This is done by tracing the windows over a chart 
called the. "screen card" which consists of a circle containing arcs of 
circles horizontally and vertically (figure 9) . The method of tracing 
the windows over the screen card is the same as that used in the Waldram 
diagram. The screen card with the trace must then be laid over Plei- 
jel's diagram and the sky factor can be determined. 

This study's proposed method contains both the advantages of 
Pleijel's and Waldram' s diagrams, in that it uses the same general prin- 
ciples, but without employing a camera, a screen card, or the need to 
compute areas or dots. The only disadvantage of this protractor is the 
cramped scale at low angles of elevation, but this has been solved by 
increasing the. size of the protractor. Also, the protractor has an er- 
ror of only -0...03 percent sky factor. This is due to confining the sky 
component numbers, to two decimals. 

Before, describing the protractor's use in determining the sky 
component at a reference point in the interior, discussion will focus on 
the method and tools used in the design. 
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To begin with, it was important to know the conditions of over- 
cast skies, in the. United States. Is the. sky uniform or non-uniform, 
and what is. the. degree of deviation from the agreed standards? To 
answer these questions, tests were conducted for the actual conditions. 
Tools used included a color and cosine corrected photometer which 
measured the luminance of the sky, a universal protractor which op- 
erates by gravity in determining the angles of elevation, a variable 
protractor employed with the photometer, a compass which located the 
magnetic north and maps having isogonic values to calculate the true 
geographical north, based on compass readings taken in Philadelphia, 
Pennsylvania.. 

To reduce the influence of reflected light from the ground to 
a minimum, a flat roof was chosen that was 40 feet above the ground. 
It was covered with a layer of bitumin, one year old. The most diffi- 
cult obstacle encountered was the choosing of a long day when the sun 
was located near the zenith while having a fully overcast sky contain- 
ing a homogeneous cloud layer without dark or bright patches. The 
sun needed also to not be visible. This was the critical point of 
design.. Following two and half years of daily observations of summer 
skys in West Philadelphia, May 6, 19.78, these conditions existed. 
The relative humidity was 86 percent. The time of measurement was 
from 14; 30. to 15:30 eastern daylight saving time. Knowing the rarity 
Of the. occasion, the. greatest possible number of readings and measure- 
ments were taken.. These conditions have not been repeated for more 
than, a few. seconds in subsequent days. 

Comparing the results obtained with that of universally agreed 
to values, it was discovered that the conditions of the sky of the 
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United States, of America confirm the values adopted by the C. I. E. 

for relative, distribution of overcast sky. what was not expected was 
that half of the sky's hemisphere, not containing the sun, produced 
more luminance than the other half containing the sun. A proposed 
explanation for this is that the former acted as a reflector for the 
scattered light from the latter, while at the same time, being a 
diffuser.. This indicates that under overcast conditions, the south- 
ern facades of buildings receive less illumination than the northern 
ones, while under clear sky conditions, what happens is the reverse. 

Accordingly, the theory of uniform sky was disregarded, and 
the theory of nonuniform sky adopted by the C. I. E. was employed in 
the study design ., In Figure 10 a comparison between the relative 
luminance distribution of C. I. E. overcast sky and that of Philadel- 
phia's natural fully overcast sky is shown. Also, the results ob- 
tained from the experiment are shown in Table 7. 

The next step consists of dividing the sky hemisphere into 
small elements where the position and areas of these elements can be 
determined mathematically in terms of for elevation angle and x 
for azimuth angle. The area of each element can be calculated in 
terms, of d and dx by integration, then by employing the C. I. E. 
equation of relative luminance distribution for overcast sky. One 
can thus reach, a formula to determine the illuminance at the center 
q£ the. sky hemisphere., if the chosen elements are projected to be a 
total of 6.48 elements on a horizontal circle of a radius equal to 
that of the. sky hemisphere, then it would be possible to produce a 
protractor that enables the calculation of the sky component at any 
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point whether in the. interior or in the exterior of a building. 
Also, since the protractor represents the whole sky luminance as pro- 
jected onto a horizontal disc and the reference point is the center 
of this disc, then any patch of sky as seen from the reference point 
can be traced on the protractor according to its actual position in 
the- sky. The protractor can also be used to determine the externally 
reflected component when the results obtained from the protractor are 
multiplied by the reflectance of that part of obstruction as seen 
from the reference point. Another feature of the protractor is that 
it can be used with the sun's path diagrams, which will be discussed 
later when dealing with, sunlight.. This enables the designer not only 
to determine the sky component and the externally reflected component, 
but also to know the expected duration of the sun or overcast sky for 
each hour, according to the different seasons and months of the year. 
For this purpose the scale of the protractor was made equal to the 
sun's path diagrams, that is, the radius of the sky hemisphere is 
kept constant in both, cases. 

In Figure 11 the elevation of the sky is represented by a 
half circle of radius "r" with a plan having a circle of the same ra- 
dius.. If a strip is cut in any part of the elevation, its proportion 
will ba a ring in plan.. If such, a ring is divided into small ele- 
ments, the. illumination resulting from each element and its effect at 
the center can be calculated using the inverse square and the cosine 
laws.. In other words, the product of the intensity and the inverse 
square, of the distance (.which in this case, is the radius) will give 
the contribution of this element to the illumination at the center of 
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L, 1=1.0 




Fig 11 Sky component due to an element ol CIE overcast 
»ky at a reference point "p ' 
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the sphere ,. Using E to represent the illumination of the whole sky 
at center point P, the dE is the illumination from an element of the 
sky the area of such an element multiplied by the luminance, according 
to the. C, I. E. formula, gives the intensity of such an element. This 
intensity divided by the square of the distance between the element 
and the center of the sphere, and then multiplied by the cosine of the 
angle between to perpendicular at the center and the radius of the 
hemisphere results in dE. If the height of the element is d , the 
width is doc, and the angle of elevation of the element from the hori- 
zontal is 9 , then by integrating the illuminance resulting from that 
element for the limits of and oc, that is, f rom = to 9 
and from oc = 0. to « = 2 Tf , one can determine the illuminance at the 
reference point (the center of the sphere) , due to the whole sky and/ 
or due to any element of it. 

If the luminance of the element is L0«, then the illuminance 
at P in Figure lldue to that element is : 

dE = L0 oc . rd doc . r cos cos (90- ) 



Tf 
2 



where r = the radius of the sky 

d0 dec = area of element, andQ 

and cc are elevation and azimuth angle of the 
element is in radians. 

Iji reducing the equation to its simplest form, r is cancelled 

out; cos. (9.0. —0 1 is then substituted with sin so that the equation 

becomes dE. + L0oc cos sin0 d0 doc. According to the C. I. E. relative 

luminance, distribution, L oc equals L z CI + 2 sin ) ; therefore this 

3 
value has- been substituted in the former equation. By integrating 
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the. product for the limits of 9 and « then ; 
dE= L z 



3 cos 6 sin 9 + 2cos 9 sin 9 d9 da 



3 



& 



(1) 



For the whole sky 

E=-y- ^ = ~q £?q 3Tr cos 9 sin a + 2 cos sin 2 9 d9 d a (2) 

It is now possible to construct a protractor which consists of the 
sky hemisphere divided into a multitude of elements and projected on- 
to its plan. By solving equation #1 with respect to the element's 
area, elevation, and azimuth angles, one can obtain numerical values 
for sky components. These values are written inside the projection 
of the elements and should be regarded as representing a percentage 
of the total sky factor. For example, if an element reads .47, the 
illumination at the reference point due to this element is .47 percent. 
It should be noted that since these quantities are confined to two 
decimals, this will results in a slight error in the total sky compo- 
nent which equals 0.03 percent. This is sacrificed to give the pro- 
tractor the advantage of having a practical value. 

In using the protractor, the center P represents a reference 
point on a horizontal plane. The azimuth angles are read from the 
square surrounding the circle and are designed to permit the use of 
the protractor in. any orientation or position. Since the radial 
lines read azimuth angles for each. 10 degrees, the arc of the outer 
circle, between each two radial lines is divided into 10 units of one 
degree, each.. The circular lines are for angles of elevation (see 
Figure 12.). 

To calculate the S c at a reference point in the interior from 
drawings, both, plans and sections are required, no matter what their 
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Radial lines lor azimuth angles 
Clrcule-r lines lor angles of elevation 

Fig. 12. PROTRACTOR FOR "C I E - OVERCAST SKY. 

(UNGLAZED WINDOW; 
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scales are.. From the reference point, project straight lines to the 
effective sides- of the windows. It is. important that the angle of 
elevation he measured from the horizontal since the part of the window 
under the reference point, although contributing to the internally 
reflected component has no direct effect on the reference point. 

With, the azimuth and elevation angles obtained, the windows 
can then be traced on the protractor. By adding the numbers inside 
the part traced, the sky component can be determined. In Figure 13 
there is an example of a library room. It has side windows and a 
skylight. The application of the protractor is seen in Figure 14. 
Since the sun's penetration is not being dealt with at this moment, 
the patches of sky seen from the reference point at a fixed elevation 
angle have been added together to simplify the computation. Other- 
wise, it would be necessary to locate the patches with respect to 
their orientation in the plan. Because the protractor represents the 
projection of the sky hemisphere rather than the room itself, it fol- 
lows that the projection of the .windows onto the protractor will be 
distorted. 

The same protractor can be used to determine the sky component 
at a point in the exterior of a building or between a complex of 
buildings using the same procedures. If a huilding obstructs the sky, 
the sky component is calculated easily by multiplying the sky compo- 
nent obtained in the absence of this obstruction, by the reflectance 
of the surface material of that obstruction; it is as though the ob- 
struction is a glass pane transmitting light with an efficiency equal 
to the reflectance of the obstruction. 
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At reference point "P 
Sky component due to wido 

r (0.6x0.01 +0.22+ 0.6 X 0.3 6 ) 
Due to sky tight w. 
= 0.6 X 0.5 2 + 0.2 X0.49 



15% Reduction due to glazing 



S C. = 4. 59 s 




F lQ 14 Method of calculating the sky c 



omponent fro 



m example 



In tig 13by th aid of the proposed protractor for "CIE" 
overcast sky 



10 3 

As can be seen from the distribution of elements in the pro- 
tractor, the. elements at the base near the horizon are very wide in 
relation to their heights, while near the zenith, the opposite occurs. 
This feature is. a great aid to architects when they design for the . 
quantity of light employing windows with deep reveals or external ap- 
pendages functioning as sun breakers. 

Because the room is not in the form of a hemisphere, the patch 
of sky seen from the reference point, which in this case is located 
on a horizontal plane, will be greatly influenced by the reveal thick- 
ness, especially when the window has straight reveal perpendicular to 
the window wall. Therefore, positioning a window near the ceiling 
contributes to the value of the sky component at the reference point 
and this increases with increased width rather than with increased 
height. This is especially true when the reference point is at :a very 
low level under the window sill. Another purpose will be served by 
placing the window as a high horizontal strip. " It will permit the 
reflection from the ground to be spread uniformly over the part of 
ceiling near the window rather than alternate streaks of light and 
dark resulting from the sections of wall between the windows. 

Unlike the high window, the low window is more efficient when 
it. is. tall.. This, is not only becuase the solid angle is greater, but 
also because the luminance of the sky near the horizon at low angle 
elevation is about one third that of the zenith. Accordingly, a com- 
bination of both, in the design will give higher performance than that 
achieved if each, type is employed separately. 

Xt may be argued that since more patches of sky seen from the 
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reference, point will cause an increase in the sky component, why not 

remove the whole, side of the room, separating it from the exterior to 
receive the maximum of light? This is true as far as a library read- 
ing room is concerned with respect to the quantity of light; however, 
increasing the quantity of light beyond the recommended level will 
cause other difficulties, including glare, disability glare, unbal- 
anced brightness relationship within not only the immediate surroun- 
dings, but also the whole background, and distraction from concentra- 
tion. Furthermore, the appearance of many silhouettes in the room 
causes, a reduction in the reader's awareness of the reading room space 
and of the other readers. Finally, it causes a decrease in surfaces 
contributing to the internally reflected component; the internally re- 
flected component resulting from the other surfaces of the room will 
escape from the window rather than being reflected back to the work. 
These problems have been discussed in detail in previous chapters. 
The concern here is that although the sum of the sky components at a 
reference point resulting from windows in different positions may be 
equal to that obtained from one big window, nevertheless, the distri- 
bution of light resulting from the latter is inferior to the former 
with respect to reading and writing. The reason for this is that in 
reading rooms, modeling is secondary in importance. In modern librar- 
ies where the. books, are not chained to the shelves and the reader is 
allowed to move freely in a big space, a wise distribution of windows 
will give, the reader the freedom to take his hook to any part of the 
room, to stretch, his limbs to any position without being bothered by 
Other readers intercepting light, as would be the case with one big 
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window.. At the same time, adjacent or opposite windows illuminate 

each other's, walls which, reduces the contrast between the opening and 

the walls immeidately surrounding it. 

Xn addition to being essential as a tool for computing the sky 
component, the protractor can be used to control the distribution of 
light and the proportions of window openings. Since the protractor 
is the projection of the sky hemisphere where its center is the re- 
ference point, one assumes that there must be a relationship between 
the center and each, element of the sky. The element near the horizon 
being at a low angle of elevation will spread its light over a greater 
area than does the element near the zenith, which is at the same dis- 
tance from the point but with a different magnitude and angle of in- 
cidence. 

The luminance of the. one near the horizon is low and is spread 
over a greater area; the other near the zenith is high and its influ- 
ence is confined in a smaller area at the center. This is represented 
as such, in the protractor: the bigger areas have low values of sky 
component, and the smaller ones have greater values. It follows that 
if the library room is divided into equal bays,, with the reference 
point being in the center of each bay, it will be easy to control the 
light reaching the point from the sides and from above, as found in 
nature., that is, in the ratio of 1:3. For example, if the sky compo- 
nent at the. reference, point is to he equal to 4 percent, then 3.0 
percent should come from above and l.Q percent from the sides. In 
other words, 75 percent of the light needed must come from higher 
angles of altitude and 25 percent from windows with lower sills. 



106 
The. arrangement. of the openings may be governed by either the 

structure, itself or the obstruction facing the window, but the total 
distribution muat be such that the light reaching the point must have 
a dominant directionality to restore the appearance of the space and 
its form. The dominant light here is from clearstories or skylights, 
not from side windows.. For example, one can observe this principle 
by comparing the difference in lighting between the reading hall of 
Furnace Building of the University of Pennsylvania and the newly 
added study room prependicular to it. Both have access to natural 
light, but because the hall depends for its lighting on clearstory 
windows rather than upon light coming from the sides, students prefer 
to read under the hall lighting conditions, in spite of its lower 
quantity of light. 

Recently, the study room was furnished with carrels. The pres- 
ence of these carrels helped to restore the original appearance of the 
adjacent hall by acting as light breakers and abosrbers. This reduced 
the disability glare that was annoying the readers in the hall. In 
the meantime, it is not known whether the students will use these car- 
rels or desert them since they have been there for only six months 
which is too short an interval of time to determine the exact reason 
for their abdication from the study room and whether there were other 
factors, than, lighting.. 

Since, the libraries in the northern temperate zone do not re- 
ceive, light Q nly from overcast sky conditions, determination needed 
to. he, made as. to the anticipated intervals of overcast sky, their 
duration throughout the. year, and whether a protractor could be con- 



ducted to enable the. architect to know with a great degree of accu- 
racy the conditions of light available at any location or orientation 
in. that zone... To do this, the United States of America was chosen as 
the. field of experimentation. The area of the study extends from 
latitude. 32. degrees to 44 degrees North. The data used in this ex- 
periment was, collected by one hundred seventy-five weather bureau 
station distributed throughout the United States of America during the 
period of 1931 to 196.Q 16 ., 

The. method to be used in the following study design consists 
of four steps: 

1.. Determination will be made of the mean availability of 
overcast sky per hour of the day for latitudes 32 degrees, 36 degrees, 
40. degrees, and 44 degrees North.. 

2. A sun path diagram will be developed to be employed during 
the hours from 9,00. A.M. until 4:00 P.M., which is considered to be 
the time, necessary for sun control in reading rooms. (The sun diagram 
will have information obtained from step one) 

3.. A sun angle' protractor will be developed to estimate the 
probability of sun and overcast sky, to measure the angles of inci- 
dence, and to give answers to the methods of sun control according to 
the orientation of the exposed library windows and its skylights. 
This can. be done when step two and three are combined. 
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4.. The use of the sun path diagram will he demonstrated with 

the overcasr sky protractor to achieve a balanced design for various 

components of light according to location, orientation, and season 

of the year.. 

It should he noted that part of step two in this work resem- 
bles in idea, though, different in method and application, a previous 
work. done, in England by Ne'eman, Light and Hopkinson . The point 
of similarity lies, in the fact that this study and theirs relied on 
weather center data. Hopkinson and his partners have chosen the 21st 
of each, month as a design criteria, because in my opinion, they were 
restricted by the plan of the sky vault, as used by Petherbridge and 
others, where each month, has different hours of sunshine. In the 
current study herewith, this problem was solved by choosing the daily 
time period of 9:QQ. A.M. to 4:00. P.M. which is a common segment of 
daytime for all the months. Their data were obtained from one weath- 
er center (London), and they used these to cover the latitude 51 to 
5 degrees North... Unlike these authors, I obtained data from several 
stations, so that at least twenty- seven stations were employed to 
cover the. data required for each latitude. 

Because of the difference between the lighting condition of 
the. United States, of America , and England , the data presented in the 
protractor of Na'-eman, Light, and Hopkinson is in terms of average 



E.. Ne'eman, Wendy Light, R. G, Hopkinson: Recommendations 
for the Admission and Control of Sunlight in Buildings , Building and 
Environment, vol v 11, pp.. 91-101, Pergamon press 1976, Printed in 
Great Britain.. 

E. Ne'-eman, Wendy Light: Availability of Sunshine , Building 
and Environment, vol.. 11, pp. 1Q3-130, Pergamon Press 1976, Printed 
in. Great Britain.. 
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hourly values of available sunshine. Unlike theirs, my sun diagram 
contains information regarding the mean number of hours of overcast 
sky., From this, point on the two methods mentioned above followed 
different approaches.. 

In step one, I arranged the data obtained from different 
weather stations according to their location on and near each lati- 
tude to cover the whole breadth of the United States. Since the data 
obtained were in. terms of the mean number of . hours of sunshine per 
month, the information was used to obtain the possible duration of 
overcast sky per hour of that month. The method of calculation is 
shown in the. attached tables. See Figures 8, 9, 10, and 11. 

The reason why data were not employed for a specific day in 
a month was that the condition of light in America according to my 
observations is changeable. While on day is clear and sunny, the 
other day is cloudy and rainy. At the same time, it may be overcast 
in a nearby state, while another state at the same latitude enjoys a 
sunny day; the opposite may occur the next day. To be on the safe 
side, I studies the condition of light for the whole month and then 
solved the problem of the different lengths of the days. The mean 
number of hours of sunshine was divided by the average lengths of 
the days of the month, in question; the design period was then confined 
to the. hqurs from 9; 00 A.M. till 4; 00 P.M. One reason for this lim- 
itation. i§ that the s,un is at a steep angle before or after this span 
of. titne^ Another reason, is that the solutions employed for control- 
ling the sun in. the designed hours are more than sufficient in cases 
where the sun is located away from the center of the window, when the 
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sun. faces the window and is low, this prohlem would normally be 

solved as libraries are usually built in cities or near a complex of 
buildings.. The environment around the library building cuts the ma- 
jor part of the sun when it is low.. In some occasions, it is possi- 
ble to avoid this, problem in the design phase by proper orientation. 
It may also be a good practice to allow some of the sunshine to enter 
library rooms before the readers use them so as to produce a healthy 
environment by curbing the dampness that accumulated during the eve- 
ning study hours when the readers were breathing and sweating over 
all the materials in use. For example, because the sun is not al- 
lowed to penetrate the library room located in the basement of Drexel 
University of Philadelphia, Pennsylvania, the place is moist and the 
books are deteriorating. 

The. average, hourly percentage of overcast sky are superim- 
posed on the sun diagram of each latitude (see Figure 15 ) . This is 
to facilitate ease of computation. 

However, if more accuracy is required for a specific state or 
city, the. attached tables, Figures 16 through 24 can provide the nec- 
essary information by following the same steps as indicated. 

Similar diagrams can. be obtained for any other location with- 
in the. north, temperate zone.. 

In step two, the four sun diagrams were placed in one chart 
tp allow computation for localities in latitudes found midway between 
two latitudes either by taking the average of the two readings , or by 
proportioning according to the situation.. This arrangement facilita- 
ted more, practical use than four separate charts would have, as it 
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Figure 15 Sun diagram for the U. S. A. showing the percentage of 

overcast sky duration for each hour, from 9.: 00 AM to 4:00 PM 
throughout the months of the. year for latitudes 32 degrees, 
36 degrees, 40 degrees, and 44 degrees North. 
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Figure 16 Mean monthly total hours of sunshine for selected stations in the 
United States (after U. S. Department of Commerce). 
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Figure 17 Mean monthly total hours of sunshine for Januray and February, 
(after U. S. Department of Commerce) 
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Figure 18 Mean monthly total hours of sunshine for March and April, 
(after U. S. Department of Commerce) 
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Figure 19. Mean monthly total hours of sunshine for May and June, 
(.after U. S. Department of Commerce) 
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Figure 20 Mean monthly total hours o 



(after U. S. Department of Commerce} ' 



f sunshine for July and August. 
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Figure 21 Mean monthly hours of total sunshine for September and October, 
(after U. S. Department of Commerce) 
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Figure 22 Mean monthly hours of total sunshine for November and December. 
(after U. S. Department of Commerce) 
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Figure 23 Mean monthly percentage of possible sunshine for selected sta- 
tions in the U. S. A.- (after U. S. Department of Commerce) 
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The smoothed isolines on these charts 
and the data in this tabulation are 
based on Weather Bureau records from 
black-bulb type sunshine recorders. 
These values are those made during the 
1931-60 period. 



Figure 24 



Mean number of hours of sunshine in selected stations of the U.S 
tarter u. S. Department of Commerce) 
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was designed for lighting conditions found only in the United States. 

Every sun diagram, as seen in Figure 15 , has its geographic 
orientation located at the projection of the zenith on a horizontal 
plane.. The sun's path is indicated by thick curved lines for each 
pair of identical months with respect to the zenith point. The curve- 
linear lines indicate the sun altitude at any time of the day, 
during any month of the year, but within the design's time frame. 
The diagram is divided vertically by curved lines to indicate the 
time of the day.. The time can be read at the base of the diagram 
under the December sun path.. The protractor, with its base oriented 
on '.the east-west axis, indicates the azimuth angle of the sun. For 
example, at twelve noon, the azimuth angle of the sun for all the 
months of the year is 90 degrees. Every division of the vernier 
reads 5 degrees. 

The. sun diagram, when used alone, can give only information 
regarding the location of the sun with respect to the geographic 
north. It is necessary to use it with the second protractor (the sun 
control protractor), to determine the sun angle with respect to a win- 
dow differently oriented. The use of the sun diagram combined with 
the sun contrql protractor will he discussed after describing the 
latter.. 

The sun control protractor as shown in Figure 25 is developed 
from, the Australian shadow angle protractor. Both follow the same 
principles established by Phillips 18 .. The difference is that the sun 



18 

R. G., Hopkinson, P. Petherbridge , J. Longmore: Daylighting , 
Heinemann, London 1963, pp.. 499-5QQ. 
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control protractor has additions which, facilitate its use with the 
sun. diagram, as follows; a), the orientation vernier, bl the division 
of the. protractor into three zones, c) the arrangement to read the 
azimuth, angle clockwise with respect to the window wall, and d) an 
arrow giving the indication of the direction perpendicular to the 
window to help mark the window orientation. One of the main features 
qf this protractor is that it gives immediate answers to techniques 
used for sunlight control.. 

The base of the sun control protractor represents the face of 
the window in plan, and point located midway in that base represents 
the center of the window.. 

The sun protractor is made transparent and when laid over the 
sun diagram, can permit the information from the latter to be read. 

Thus, the purpose of the protractor is: 1) to control the sun 
penetrating any window in a reading room, 2) to give information about 
the duration of overcast sky for any window orientation, and 3) to 
give answers to the solutions required for each setting, taking into 
consideration the obstruction on the site. 

To simplify understanding of the use of these tools , first 
suppose, the. window, in question has infinite width, and is oriented due 
south.. Then, lay the transparent protractor on the sun diagram with 
the. arrow pointing south and the base over the east-west direction. 
The part of the sun diagram seen from the transapency is that which 
will be. acting on that infinite window throughout the year. The an- 
gles of incidence, of the sun at any time of the day and the month can 
be. read directly from the sun. control protractor. The radial line in- 
dicates the horizontal angle of incidence, and the curved line shows 
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the. vertical angle, of incidence... The. horizontal angle of incidence 

ttC. A. i.l is to .he drawn on the plan, and the vertical angle of in- 
cidence (.V. a, i,l i s f or use witfL the sec tion drawing of the window. 

The reader will see also that the sun protractor is divided 
by a dotted curved line and two straight dotted lines creating four 
areas.. The. area limited hy the curved dotted line and the base of the 
sun protractor can be excluded from the window by horizontal shades, 
wether by one. horizontal deep shade or by a number of horizontal 
shades spaced in such a way as to not allow the sun to penetrate in- 
side the room-. This can be determined graphically in the section of 
the room (see Figure 26 ) .. On the other hand, the area of the dia- 
gram, as seen inside the trapezoidal shape of the sun protractor, can 
be. removed by egg-crate devices. This can be done by drawing both 
the horizontal angle of incidence, and the vertical angle of incidence 
on the. section. The projection and the spacing of the egg-crate can 
be determined graphically as before Csee Figure 27 ) . To remove the 
effect of the sun located to the right or to the left of this trape- 
zoidal shape, the horizontal angle of incidence, as read from the sun 
protractor, must be drawn on the plan of the window. The vertical 
louvers should be designed to cut the rays of the sun in these direc- 
tions.. The direction of the inclination of such louvers around their 
vertical axes, can he fixed at a certain angle or can be made variable 
if both, the morning sun. and the. afternoon sun must be excluded com- 
pletely,. 

If -the window is not facing south, it is only necessary to ro- 
tate the. sun control protractor so that the arrow points to the re- 
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SECTION OF A ROOM SHOWING A 
GRAPHICAL DETERMINATION OF THREE 
DIFFERENT SOLUTIONS OF SHADES 
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Fig 27 SECTION k PLAN SHOWING A GRAPHICAL 

DETERMINATION OF AN EGG-GRATE SHADE 
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quired orientation.. In such, a case, the orientation vernier found at 
the base of the sun protractor and the vernier drawn in the sun dia- 
gram will work, together to determine the new orientation precisely. 
There are two guidelines marked "S.W." and "S.E." at the base of the 
diagram to he followed by the arrow for quick orientation. 

With the. sun protractor being rotated while the diagram is 
not, new data can be obtained; accordingly, this calls for a new sun 
control design due to the different angles of incidence falling on the 
window wall. 

Since the window has no infinite width, in practice, but a 
certain width, it follows that each window has an angle of gain, de- 
pending on hoth. its width and reveal thickness. To determine this an- 
gle of gain, draw intersecting straight edges in plan connecting the 
opposite, sides of the window with the internal edges of the window. 
The two lines will cross at the center of the window. These lines 
represent the limits of the window that receive sun Csee Figure 28) . 
If the angle of gain is reproduced on the sun protractor, the protrac- 
tor will answer all questions regarding the technical means of pre- 
venting the sun from entering the room. 

The probability of overcast sky is indicated as a percentage 
for each, hour of the working day. This will determine the actual 
duration of sunshine .for windows without sun controls and will help 
in. the selection of the kind of glass needed, and the amount of heat 
gain, during the. day,; 

If the. information obtained from the sun diagram is used in 
the. protractor designed for an overcast sky, which was explained 



earlier in the study, one can determine the size and location of the 
windows in the library reading room with, sufficient accuracy, since 
both are designed using the same scale. It will be seen that the sun 
breakers, while preventing the sun from penetrating the interior, will 
also reduce the. sky component in overcast days. This will require 
additional windows to be opened to compensate for the losses caused 
by the. presence of the sun breakers. 
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Figure 28 Sketch showing method of determining the average angle of 
gain for windows. 



INFLUENCE OF THE WINDOW PROPORTION 
UPON THE QUALITY AND QUANTITY OF LIGHT 

My hypothesis is that by adjusting the window proportion, ad- 
ditional light and an improved quality can be obtained: 

First, the maximum light from a given window area. 
Second, an increase in the interreflected component due 
to a relative increase in the interior surfaces of the room 
thus reducing the size of the window. 

Third, a reduction of the glare discomfort as a result 
of the decrease in the solid angle subtended at the reader's 
eye by the window. 

Fourth, the reduction in building costs and the saving 
of energy by minimizing the area of glazing without af- 
fecting the quantity or quality of light. 

Fifth, the wall area available for sound absorbant 
material is increased. 
When considering the above hypothesis, consideration will need 
to be given to several factors : 

Since the measure of the solid angle, mentioned in point number 
three, is the product of the window area divided by the square of the 
distance between the window and the reader's eye, it is evident that 
any decrease in the window size will be followed by a decrease in the 
solid angle. In the case of an observer not directly at the center 
line of the window, but at a line making an angle with the plane 
of the window, the solid angle is equal to the area of the window mul- 
tiplied by sin 6 and then divided by the square of the distance 
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between the window and the observer. 

Here is Hopkinson's glare formula, which is a correction to 

the B. R, S. glare formula and is intended for use in computing the 

glare from large sources, for example, side windows: 

B 1.6 § 0.8= G (B. + 0,07 w0.5 B ) 
s b s 

Where B is the luminance of the source 
s 

W is the solid angle unmodified by position 

6 is the solid angle modified for its position 
in the field of view 

B is the luminance of the surrounding field alone 

G is the appropriate value of the glare constant 
for a degree of glare midway between just un- 
comfortable and just acceptable glare. 

It can be noticed in Hopkinson's formula that the solid angular 
subtense of the source and the brightness of the surrounding field 
play a major role in determining the degree of glare discomfort. As 
has been stated earlier, by enlarging the interior surfaces, an in- 
crease in the interreflected component will result, provided that the 
surface finish of the interior is of a high reflectance. Furthermore, 
according to the above equation, the glare discomfort can be reduced 
if it is possible to reduce the size of the window without any de- 
crease in the illumination of the interior. 

It could be argued that instead of designing one big window, one 
can subdivide the window into a number of smaller windows to relieve 
the reader of discomfort and eye fatigue. In this respect, contra- 



il. G. Hopkinson: Architectural Physics , Lighting , London: Her 
Majesty's Stationery Office, 1963, p. 231. 
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dictory answers have been given by two noted scientists f Rapoport r and 

Hopkinson. Rapoport postulates that if, instead of the window, the 

wall is" pierced vertically so that light can penetrate as streams, 

glare will be completely eliminated. In support of his conclusion, he 

2 
gives an example of woven bamboo houses in Malaya . However, because 

of laboratory experiments done by Hopkinson, Rapoport 's conclusions 
carry less weight, Hopkinson showed that breaking down the window in- 
to smaller elements will not reduce glare discomfort as the sum total 
glare from small areas is remarkably greater than the total produced 
by a singular large source . 

Glare discomfort is a subjective assessment and no one has yet 
proposed a universally agreed upon standard. In his "Lamp of Beauty" 

Ruskin stated that the eye's nerve cannot be as easily numbed as that 

4 
of the ear - "The eye, it cannot choose but see" . With respect to 

catering to subjective personal judgments regarding lighting condi- 
tions, Bombeck wrote: 

"The people I know still wear dark glasses,. 
indoors even though they fall over things" . 



2 
Amos Rapoport: House Form and Culture , Englewood Cliffs, N.J. , 

Prentice Hall, 1969, p. 103. 

R. G. Hopkinson: Architectural Physics, Lighting , London, Her 
Majesty's Stationery Office, 1963, p. 98. 

John Ruskin: The Seven Lamps of Architecture , Boston, Aldin 
Books Publishing Company, (189-) , p. 114. 

Corwin Bennett: Spaces for People , Englewood Cliffs, N.J. , 
Prentice Hall, 1977, p. 87. 
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When considering the fourth advantage of saving building costs and 

energy, one can safely say that the smaller the area of a single glazed 
window, the less heat transfer there will be between the interior and 
the exterior. Of course, double or triple glazing will reduce the 
annual cost of heating or cooling, but the initial capital cost will 
be much greater. 

Although the area available for sound absorbing material is 
increased, this is not to say that solely by reducing the window 
area problems of sound and heat will be solved. However, under nor- 
mal conditions, savings in both operating and capital costs can be 
anticipated. 



METHODS OF MEASURING THE QUALITY 
AND QUANTITY OF LIGHT BY OBJECTIVE STANDARDS 

The primary objective of this study is to find out the rea- 
sonable window proportion that admits the maximum amount of light with 
the light quality being balanced in distribution. 

The secondary objective is to reduce the window size to an ap- 
propriate dimension so as to increase the interreflected component of 
light and reduce the operating and capital costs. 

Researchers to date have been unable to formulate a method of 
assessing glare discomfort and therefore, the key issue under consid- 
eration here is the need to transform the measurement of discomfort 
glare from a subjective assessment to an objective one. By this as- 
sessment we will not be distracted in trying to understand subjective 
appreciation of light conditions, or by analyzing the brightness of 
the surroundings and the eye's adaptation to these. The appreciation 
of the lighting conditions of a place depends to a great extent upon 
the subject's mood at the time of his judgment; for any given individ- 
ual, one cannot know what the ideal lighting should be. Accordingly, 
laboratory tests on subjects concerning this matter should be re- 
garded as conditioned, either by outside motivations or by the partic- 
ipant's willingness, to help. Another important observation is the 
subject *s shifting taste with, the passing of time. Modern man tends 
to spend most of his time in an artificial environment and therefore 
tends to gravitate towards artificial environments with artificial 

recreation for comfort, study, recreation, and so on. In time, such 
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lighting conditions produce disorientation as there are no natural 

reference points.. Modern man is forced to adapt to isolated inter- 
iors with, their constant illumination levels. In such- interiors he 
is not aware, of the relationship between the time of the day and the 
lighting condition outside. Therefore, it would be doubtful that 
persons under such, conditions would be able to give conclusive re- 
sults, when being asked about their appreciation or tolerance when 
comparing lighting compositions in laboratory tests. 

The. alternative is to return to the use of daylight where 
the distribution of natural light in the natural environment produces 
elation and a sense of well being.. Our eyes function under such 
lighting without the fatigue that is produced by the artificial light. 
Assuming that the effects of natural light are preferable for the 
majority of people, one can compute a numerical relationship between 
the sunny and shaded areas in the external landscape. Our eyes sense 
the balance of this relationship, accept it and are pleased with it. 
The eyes are also accustomed to the connection between changes in 
shadow intensity and the causes for these changes in the composition 
of lighting.. The brain is accustomed to translating this cause and 
effect relationship due to its former experience and learning. The 
interaction between the eye and the object viewed takes place imme- 
diately, because, it is used to the innate relationship between light 
and shadow-. In the natural landscape illuminated by the sun, there 
are. no oyerlaping shadows.. In days when the sky is overcast, in the 
absence of the sun, there are no individual shadows, as all things are 
in. shade... The sun dictates, the law of order, unity, and equilibrium, 
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qrde^ f in. that there, is no shadow without the sun , unity in the direc- 
tion, of the. many shadows, and equilibrium between the intensities of 
light and darkness in the illuminated area.. From the condition of 
light in the. landscape, one can formulate a relationship that can be 
used as a standard of comfort when comparing it with the performance 
of different window proportions.. 

Since what the eye. sees is the light leaving the object, 
measurements of the luminances, of the natural soil are considered to 
be the. base of a formula illustrating the above relationship. The 
reason is that, the natural soil is a good diffuser, and it reflects 
light homogeneously.. Unlike soil, water, snow and desert can cause 
loss of comfort due. to the. glare, resulting from such surfaces. Like- 
wise, artificial materials could distort the results if their sur- 
faces acted as mirrors with, different curvatures. 

Readings taken of the brightness of the soil in the University 
of Pennsylvania (.Table 121, show the following results: 

al The relation between the brightness of the sunny and shaded 
areas is an average of 1:0.12.. 

b.)_ The relation between the luminance of the zenith and the 
horizon, according to the. C. I. E. overcast sky formula and the author's 
experiments., as shown in. the previous chapter, is an average of 1:Q.33. 

From the. above, findings, a formula for a standard of acceptable 
..brightness, can. be written as, follows.; l;CU33;Q..l.. These results 
cqnf qxm with. Hopkinson. 1 s data which, postulate that the light should be 
graded so that the. eye. is. not subjected to harsh, brightness differences 



145 



Experiment 


Date, and Time. 


Brightness 


Brightness 


Ratio 


Number 


of Measurements 


Sunny Soil 
Areas ft-L 


Adjacent 
Shaded Soil 
Areas ft-L 




1 


7/3/79 


12:22 PM 


4aa 


60 


1:0.15 


2 


7/3/79 


12:22 PM 


4o:a 


55 


1:0.14 


3 


7/3/79. 


12:22 PM 


365 


50 


1 : . 14 


4 


7/3/79. 


12:22 PM 


360 


30 


1:0.08 


5 


7/3/79- 


12; 30. PM. 


325 


28 


1:0.09 


6 


7/3/79 


12; 30. PM 


450 


50. 


1:0.11 


7 


7/3/79. 


12:30 PM 


600 


65 


1:0.11 


8 


7/3/79 


12:30 PM 


500. 


50 


1:0.10 


9 


7/3/79 


12:38 PM 


50Q 


55 


1:0.11 


io_ 


7/3/79. 


12:38 PM 


350 


50 


1"0.14 


11 


7/3/79. 


12.: 45. PM 


325. 


28 


1:0.09 


12 


8/9/79 


3:0.0 PM 


190. 


40 


1:0.20 


13 


8/9/79 


3:00. PM 


225 


30 


1:0.13 


14 


8/9/79. 


3:10 PM 


300 


25 


1:0.08 


15 


r 8/9/79. 


3:10 PM 


175 


26 


1:0.15 


16 


8/9/79 


3:18 PM 


2QQ 


30 


1:0.15 


17 


8/9/79. 


3:18 PM 


150 


30 


1:0.20 


18 


8/9/79 


3:25 PM 


20Q 


30 


1:0.15 


19. 


8/9/79- 


3; 45 PM 


240 


20. 


1:0.08 


20. 


8/9/79 


3:45. PM 


225 


20 


1:0.09 


21 


8/9/79 


3:45 PM 


200 


28 


1:0.14 


22 


8/9/79 


3:55 PM 


2QQ 


21 


1:0.10 


23 


8/9/79 


3:55 PM 


20.0. 


20. 


1:0.10 


24 


8/9/79 


3:55 PM 


2Q0 


20 


1:0.10 


25 


8/9/79 


4:12 PM 


200 


30 


1:0.15 


26 


8/9/79 


4:12 PM 


175 


35 


1:0.20 


27 


8/9/79 


4:15 PM 


200 


30 


1:0.15 


28 


8/9/79. 


4:15 PM 


225 


28 


1:0.12 


2a. 


8/9/79. 


4:2.0. PM 


2.40. 


28 


1:0.12 


30- 


8/9/79 


4; 2.0 PM 


130 


15 


1:0.11 


31 


8/9/79. 


4:25. PM 


120. 


14 


1;0..12 


32. 


8/22/79 


1:30. PM 


300. 


43 


1:0.14 


33 


8/22/79 


1 : 30 PM 


280 


4Q 


1:0.14 


34 


8/22/79 


1:35 Pm 


2QO 


30 


1:0U5 


351 


8/22/79 


1:35 PM 


2QQ 


28 


1:0.14 



TABLE 12 

The. relationship between, the. brightness of the sunny and the. shaded 

areas of the soil at the Campus of the University of Pennsylvania. 



Continued . 
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TABLE. 12 








Experiment 


Date., and Time. 


Brightness 


Brightness 


Ratio 


Number 


of Measurements 


Sunny Soil 


Adjacent 




- 




Areas ft-L 


Shaded Soil 
Areas ft-L 




36 


8/22/79 


1:40. PM 


250 


30 


1:0.12 


37 


8/22/79. 


1:45 PM 


230. 


31 


1:0.13 


38 


8/22/79. 


1;45 PM 


250. 


28 


1:0.11 


39l 


8/22/79. 


1:50 PM 


225 


2Q 


1:0. 09 


40. 


8/22/79 


1:5.0. PM 


230 


30 


1:0.13 


41 


8/27/79 


2:25 PM 


210 


20 


1:0.09 


42 


8/27/79 


2:25 PM 


210 


22 


1:0.10 


43 


8/27/79 


2:30. PM 


230. 


31 


1:0.13 


44 


8/27/79. 


2:30. PM 


23Q 


30. 


1:0.13 


45 


8/27/79. 


2; 35 PM 


250. 


35 


1:0.14 


46 


8/27/79 


2; 35. PM 


230 


30 


1:0.13 


47 


8/27/79. 


2:4a PM 


240 


34 


1:0.14 


48 


8/27/79, 


2:40. PM 


220- 


29 


1:0.13 


49, 


8/27/79. 


2:45. PM 


23Q. 


30 


1:0.13 


50 


8/27/79 


2:45 PM 


180. 


22 


1:0.12 


51 


8/27/7a 


2:45 PM 


200 


24 


1:0.12 


52. 


8/30/79. 


3; 08 PM 


14Q 


33 


1:0.23 


53 


8/30/79 


3:12 PM 


12.0. 


22 


1:0.18 


54 


8/30/79 


3:12 PM 


130. 


23 


1:0.18 


55 


8/30/79 


3:18 PM 


10Q 


23 


1:0.23 


56 


8/30/79. 


3:18 PM 


110 


2Q 


1:0.18 


57 


8/30/79 


3:2Q PM 


105 


21 


1:0.20 


58 


8/30/79 


3:25 PM 


125 


18 


1:0.14 


59 


8/30/79. 


3:25 PM 


18Q 


38 


1:0.21 


6Q 


8/30/79 


3:30 PM 


100 


20. 


1:0.20 


61 


8/30/79 


3:30 PM 


110. 


19 


1:0.17 


62. 


8/30/79. 


3; 35 PM 


100. 


20 


1:0.20 


63 


8/30/79 


3:35. PM 


120. 


20...: /I 


1:0.17 



Average. Ratio of Brightness = 1:0...12 

The. relationship between, the. Brightness of the sunny and shaded 
a,r>ea.s of the. soil at the. Campus of the. Uniyerstiy of Pennsylvania. 
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1 2 

in the visual field . A guide given in the I. E. S. Code and derived 

from Hopkinson's data indicates that, at illumination levels of more 

than 30 lm/f t 2 , the ratios of brightness which are comfortable to the 

eye should be 1:0.3:0.1, where "1" is the luminance of the object in 

focus, "0.3" is the luminance of the immediate surroundings, and "0.1" 

is the luminance of the background. 

Accordingly, the luminance at the remote parts of the room 
should not drop to less than ten percent of that near the window. Also 
the intermediate ratio between the brightest and darkest areas of the 
room should be at least 30 percent of the brightness near the window. 

From this relationship, one can determine the permissible 
working plane for a given window. 

An important observation, which can be seen in Tables 14, 15, 16 
and 17, is that the window that introduces an average of two percent 
sky component into the center of a room, complies with the suggested 
formula. The two percent sky component represents a ten lumens per 
square foot, if we consider the average sky illumination during over- 
cast days to be 500. This value of 500 lumens/square foot, though 
adopted internationally as being the standard condition of sky luminance, 
does not represent the actual lighting condition of the sky of the 
United States. The sky of the U. S. A. tends to be brighter, with 
500 lumens/square foot representing the minimal sky condition present 



R. G. Hopkinson, P. Petherbridge , J. Longmore: 
Heinemann, London, 1963, p. 11. 

2 Ibid., p. 11, 



Daylighting , 
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during the working day.. However, the 10. lumens/square foot represents 
the. average recommended level of illumination for school classrooms 3 . 

Another observation is, when comparing two windows of equal 
areas, that are. different in their proportions, the relationship be- 
tween, the. quantity of light and the window dimensions proved to be 
dependent upon the ratio between the height and the width of the win- 
dow rather than upon its area per se» 

From Tables 14 and 15, it can be seen that where two windows 
are identical in area, but different in their proportions, the window 
that is. taller introduces, more, light, and a better quality light. To 
demonstrate, this, a window 15 feet tall and 7 feet wide will intro- 
duce more light than if positioned horizontally. For a given refer- 
ence point of six feet away from the window's corner, the illumination 
from the horizontal window is 35.71 percent less than the same window 
positioned vertically.. At distances of 12 and 18 feet the loss of 
light still increases.. At 12 feet it is 45.47 percent and at 18 feet 
it is 56.18 percent. Losses that increase with distance indicate 
that the quality of light distribution is affected too by the window 
being horizontal rather than vertical. We have seen from the above 
example, that at 18 feet, we. have lost more than 5Q percent of the 
light that could be obtained from the. same window if it is positioned 
•vertically.., The. ratios of light, distribution at the. above reference 



R s <3. Hopkinson; Architectural Physics , Lighting , London, 
Her ^a^esty'-s. Stationery Office, 19.63, p.. 27.. 
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points are. l;0...37;0...15 r in. the case of the vertical window, and 
1»CL31;CL..12. in. the case of the. horizontal window. Both results meet 
the standard previously put forth, as a measure for the quality of 
light, that is 1:CL.3;0..1.. 

Windows of different geometrical shapes and size, although 
exposed to the same natural light source, have different capacities 
for distributing this light into the space illuminated by the window. 
This differing capacity to transmit light is the object of this study. 



DESIGN METHOD FOR MAXIMUM WINDOW PERFORMANCE 

The aim of this chapter is 1) to study the effect of the win- 
dow proportion upon the quantity of light, and 2) to demonstrate how 
to utilize the findings for the window design. 

Three window shapes were selected for study: the vertical, the 
horizontal, and the square window. Any other shape of window, for 
the sake of simplification, will be abstracted to take one of the a- 
bove shapes. Accordingly, a round window can be considered as equiv- 
alent to a square one since it fits into the square figure. Special 
types of windows from the triangular family can be designed by the 
aid of the proposed protractors, explained earlier in the chapter of 
technical means of light modification. 

Reference points at the level of the reading table, which is 
at the same height as the sill, have been selected perpendicular to 
one of the window corners at the sill's level. This facilitated the 
calculation due to the simple trigonometry involved. However, posi- 
tioning the reference points perpendicular to the center of the win- 
dow at the sill's level will result in a remarkable increase of il- 
lumination at these reference points. The reason is that both win- 
dow halves are nearer to the reference point than in the former case 
where one half is near and the other half is at a distance equal to 
half the window. The window's illumination upon the reference point 
can be calculated by imagining the window as being connected to van- 
ishing points, The position of these vanishing points will be dealt 
with later in the study. The greater the distance the other side of 
the window is from the reference point, the less it contributes to 

' 150 
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the illumination at that point. The higher the top of the window is 

above the sill, the more illumination there will be at the reference 
point. Figure 29 contains sketches illustrating the above ideas. 

The following discussion supports this idea by means of com- 
putation and analysis. It should be noted however, that in the first 
part of this analysis, window areas were controlled relative to the 
locations of the reference points. The aim is to keep the level of 
illumination within the range recommended by the Illuminating Engi- 
neering Society of 30 foot candles for reading printed material, and 
70 foot candles for studying and note taking . Accordingly, the ref- 
erence point nearest the corner of the window was not permitted to 
receive more than 10 percent sky component. This means that in days 
with overcast sky when the illumination of the unobstructed sky is 
1000 ft-c, then the illumination at the reference point will be not 
more than 100 ft-c. This is intended to give the study more practi- 
cal value as the conditions are closer to the I. E. S. recommended 
levels for library reading rooms. However, in the second part of 
this study, the distribution of the reference points and their prox- 
imity to each other and to the window were kept constant while chang- 
ing the window area and its proportions. This is useful in deter- 

t 

mining the rate of increas in illumination when areas are increased 

and related proportions are changed. At the same time, determination 
must be made as to whether there would be a limit to this increase in 



John E. Kaufman (ed.) : Illumination Engineering Society, IES, 
Lighting Handbook, 5th edition, New York, 1972. 
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To a predetermined 
vanishing point 



Plan 
a) For reference points 
]at one corner of a 



vertical j window 
/ 





o) For reference poirts 
at the center of a 
vertical window 



1T0 a predetermined 
vaniihiris - pclnt _ 



For reference points at one 
corner of a- horizontal window 



4» 
b lan 



To_a predetermined 

vanishing point 




7.2. a predetermined 

vanishing point 



Plan 



Fig 



d) For reference points' at the 
center of a! horizontal window 

\ I 

\ I 

SKETCH DEMONSTRATING THE EQUIVELENT AREA OF 

EQUAL ILLUMINATION WITH RESPECT TO A REFERENCE POINT 
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illumination or there would be a diminishing return after which the 

value of illumination increase is not proportional to the increase in 
window area. This study, will cover windows ranging from twelve square 
foot up to one hundred- sixty square feet. 

The B. R. S. Simplified Table for a C. I. E. fully overcast 
sky ( Table 13 ) , is taken as the basis from which the results have 
been computed. The table is an application of the Waldram diagram for 
certain window configuration after making allowance for the employment 

of single glazing. Detailed explanation for the use of that table can 

2 
be found in reference . 

The B, R, S. Table is intended to enable a quick estimation of 
the sky component at reference points at distances from the window. 
Conditions for its application are that the window should be in a 
vertical plane. The reference points should lie on a line perpendicu- 
lar to a lower corner of the window. Hopkinson explains methods for 
employing the B. R. S. Table for reference points not located at the 
sill level. This can be achieved by the aid of graphical drawings and 
by some additional calculations . 

The results obtained from the different window samples are 
shown in tables 14 through 15 . The value of the illumination level is 
shown in terms of percentage of sky component. The sky component is 



2 

R. G. Hopkinson, P. Petherbridge , J. Longmore: Day lighting , 

Heinemann, London, 1963, pp. 110-124. 
3 Ibid. , p. 116. 
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Window 


Distance 

from 
Window (ft 
D 


H 
D 


W 
D 


Sky 

Component 

S.C.% 


Ratio 


size 
H x W CftJ 


SC 1 


:SC 2 


:SC 3 


4 v ■} 


i /■} v in 


1.2Q 
0,60 
0.40 


0,9.0 
Q.45 
Q.3Q 


4,8 

1,09. 

0.43 


1: 


.23: 


.07 


Q2 ft 2 ). 


J-/ J A 1U. 

2/3 x 10 

ia 


3x4 


1/3 x 10 


0.90 
0.45 
0.30. 


1.2Q 
Q.60 
0.40 


3.7 

0.79 

0.26 


1: 


.21: 


.07 


Q 2 ft 2 l 


2/3 x 10 

1Q 




5x3 

(15 ft 2 ). 


1/3 x 11 

2/3 x 11 

11 


1.36 
0.68 
0,45 


0,82 
Q.41 
0.27 


5.14 

1.318 

0.43 


1: 


.26: 


.08 


3x5 

(15 ft 2 ) 


1/3 x 11 
2/3 x 11 

11 


0.82 
0., 41 
0.27 


1.36 
0.68 
0.45 


3.2 

0.70 

0.28 


1: 


.22: 


.09 


6x4 
(24 ft 2 ) 


1/3 x 13 

2/3 x 13 

13 


1.3a 

0.6.9. 
0,46 


0,92 
0.46 
0.31 


5.6 
1.4 
0.44 


1: 


.25: 


.08 


4x6 


1/3 x 13 


0.92 
0..46 
0.31 


1,39. 
0.68 

0.46 


3.8 

0.85 

0.28 


1: 


.22: 


.07 


(24 ft 2 ) 


2/3 x 13 

13 




7x4 


5 

10. 

15 


1,40. 
0,70 
0,47 


0.8Q 

0.40 
0.27 


5.2 
1.3 
0.42 


1: 


.25: 


.08 


(28 ft 2 ) 




4x7 
(28 ft 2 ). 


5 

10 

15 


0.80 
0.40 
0,27 


1.40 
0.70 
0.47 


3.3 

0.70 

0.26 


1: 


.22: 


.08 


8x4 
C32 ft 2 L 


5 

ia 

15 


1 ..6Q. 
Q,8Q. 
Q,53 


o.,8a 
Q.4a 

Q,27 


5.8 
1.6 
0.52 


1: 


.28: 


.09 


4x8 
(.32 ft 2 ). 


5 
10. 

15 


Q,8Q 
0,40.. 
Q,27 


1,60 
Q,8Q 
Q,53 


3.3 
0.75. 

a.. 3 


1: 


.23: 


.09 



Comparison between the- performances, of rectangular windows having 
different porportions.. 



TABLE 14 



Continued. 



Continued.. 



TABLE 14 
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"Window 
size 

H x w atj: 


Distance. 

from 
Window fft)l 
D 


K 
D 


w 

D 


Sky 

Component 

S.C.% 


Ratio 
3^:302:303 


SL'g 5 

C45 ft 2 ) 


1/3 x 16. 
2/3 x 16 

16 


1 . 6.9. 
0.84 
0..56 


0.94 
0.47 
0.31 


6.6 

2.0 
0.64 


1:.30:.10 


5 x 9- 
C45 ft 2 ) 


1/3 x 16 

2/3 x 16 

16 


0...94 
0..47 
Q...31 


1.69 

0.84 
0.56. 


4.00 
0.90 
0.32 


1: .23:. 08 


10, x 5 

(50 ft 2 1 


6 

12. 

18 


1.6.7 
0.83 

Q..56 


Q.83 
0.42 
0.28 


6.0 

1.70. 

0.62 


ls.28s.lQ 


5 x 10. 

C50 ft2l 


6 

12 

18 


0.83 
0.42 
0.28 


1.67 
0.83 
0,56 


3.3 

0.83 

0.32 


1:. 25s. 10 


10 x 6. 

(60 ft 2 1. 


6. 

12 

18 


1..67 
0.83 
0.56 


1.00 
0.50 
Q.33 


6.7 
2.0 
0.64 


1:.30:.10 


6 x 10 

(60 ft 2 ). 


6 

12 

18 


1..0.Q 
0..50 
0.33 


1.67 
0.83 
0.56 


4.6 

1.13 
Q.36 


1:.25:.08 


in u t 




1.67 
0.83 
0.56 








1U X / 

(70 ft2) 


6 

12 
18 


1.17 
0.58 
0.39 


7.3 
2.1 
0.79. 


l:.29:.ll 


7 x 10 

C70 ft2L 


6 

12 

18 


1.17 
0.58 
0...39. 


1.67 
0.83 
0..56 


5.9 

1.35 
Q.59 


1:.23:.10 


10 X 8 

(30.. ftf L 


6 

12. 

18 


1..67 
0,83 
CU.56.. 








1.33 
0...&7 
0...44 


7.4 
2.5 
Q.86 


1:.34:.12 


8xl(L 
-CB<tJt 2 t 


6. 

12 

18 


1,33 
0,6.7 
0,,44 


1,6.7 
0,83 
0,56. 


6.5 
1.5 

0..69 


l:.23:.ll 


U X 4 
-C44 tX Z t- 


& 

12- 

18 


1.83 
Q<92 
Q..61 


Q...67 
Q-,33 

a,22 


5.85 

1..7 

0,57 


1:,29:.1Q 


4X11 
(44 ft 2 ) 


6 

12 

18 


0,6.7 
Q.33 
0.22 


1,83 
0.92 
0.61 


2.4 

Q..54 

0.16 


1:.23:.07 
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14 
















Window 
size 
H. x W Cf t); 


Distance. H. 
from D 
Window (f tl 
D 


W 
D 


Sky 

Component 

S.C.% 


Ratio 
SC 1 :SC 2 :SC 3 


11 x 5 
C55 ft 2 ). 


6 
12 

18 


1..83 
0,.92 
0.61 


Q.83 
0.. 4 2 
0..28 


6.4 
2.Q 
Q. 69 


1:. 31s. 11 








5 x 11 
155 ft 2 ) 


6. 
12 

18 


CL83 
0..42 
0..28 


1.83 
Q.,9.2 

0.61 


3.5 

0.83 

0.22 


1:.24:.06 


12 x 6 
(.72 ft 2 ) 


1/3 x 19 

2/3 x 19_ 

19. 


1 1-9 

' 0...95. 

0-63 


Q..95 

0.47 
0.32 


7.1 

2.15 

Q.85 


1:.30:.12 


6. x 12 
(.72 ft 2 ). 


1/3 x 19. 

2/3 x 19. 

19. 


Q-.95 
a. 47 
0.32 


1.9. 

0.95 

0.63 


4.35 
Q.9.0 
0.40 


is. 21s. 09 


12 x 7 
(.84 ft 2 ) 


1/3 x 20. 
2/3 x 20 

20. 


1..80. 
0.. 90 
0...60. 


1.Q5 
0.53 
0.35 


7.15 
2.32 
0.86 


l>.32&.ii 


7 x 12 
(84 ft 2 ) 


1/3 x 20 

2/3 x 20. 

20. 


1..05. 
Q..53 
0.35 


1.80. 
Q.90 
0.60 


5.0 

1.35 
0.58 


1:.27:.12 


12 x 7 
(84 ft 2 ). 


7 
14 

21 


1.71 
Q..86 
a.. 57 


1.0 

o.sa 

Q.33 


6.83 
2.08 
0.624 


1:.30:.09 


7 x 12 
(84 ft 2 ). 


7 
14 

21 


1..0. 

Q,50. 

0...33 


1.71 
0.86 


4.65 
1.16 


Is. 25s .09 


0..57 


0.398 




12.x 8 
C96. ft 2 )_ 


7 
14. 

21 


1.71 
a.,86. 

Q..57 


1.14 
0...5.7 
CL.38 


7.27 
2.27 
0.748 


1:.31:.10 


8 x 12. 
C961 t t 2 L 


7 
14 

21 


1.14 
0...57 
Q..38 


1..71 
0...86 
Q..57 


5.55 
1..51 
Q.447 


1:.27:.08 


12. x 9L 


7 
14 


1..71 
Q..86. 
Q-.SL7 


1 . 29. 
Q..64 
a..43 


7.68 
2. .52 
Q.932 


1:..33:«12. 


ULUo lft-*x: 


Z± 




9lx 12. 
(108 ft 2 ). 


1 

14 

21 


i..2a 

Q.64 
Q.43 


1.71 
Q...86 
0.57 


6.5 

1.86 

0..68 


1:.29:.1Q 








I— ■! fcW _ 
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Window 
sijza 
H x W CftI 


Distance. 

from 
Window Cft) 
P 


H 
D 


w 

D 


Sky 

Component 

S.C.% 


Ratio 
SC 1 :SC 2 :SC 3 


13 x 7 

(91 ft 2 ) 


5 

10. 

15 


2 . 60. 
1.3a 
0.87 


1.4Q 
0. 70 
0.47 


9.8 
4.5 
2.02 


1:.46:.21 


7x13 
C91 ft2l 


5. 

ia 

15 


1..40. 
Q.. 70. 
0.47 


2.60 
1.30 
0.87 


7.42 
2. 50 
0.969 


1:.34:.13 


13 x 7 
(91 ft2). 


6 

12 

18 


2. .,17 
1..Q8 
0...72 


1.17 
0.58 
0.39. 


8.52 

2.952 

1.3Q3 


1:.35:.15 


7x13 
(91 ft 2 * 


6. 

12 

18 


1.17 
0.58 
0..39- 


2.17 
1.0.8 
Q..72 


5.599 

1.74 

0.676 


1:.31:.12 


43 x S 
(101 ft 2 } 


7 

14 

21 


1..86 

a. 9.3 

Q..62 


1.14 
0.57 

a..38 


7.71 

2.6 

0.978 


1:.34:.13 


8 X 13 
(101 ft 2 ). 


7 

14 

21 


1,14 
0...57 
0..38 


1.86 
0.9.3 
Q..62 


5.484 
1.48 

0.648 


1:.27:.12 


13 x 9 

CU7 ft 2 ) 


7 

14 

21 


1 .86 
0.93 
0.62 


1.29 
0.. 64 

0.43 


8.34 
2.8 

1.108 


It, 34s. 13 


9 x 13 
(117 ft 2 ) 


7 - 

14 

21 


1..29. 
0...64 
0.43 


1.86 
. 93 

a.. 62 


6.57 
1.9.3 
Q.885 


1:.29:.13 


14 x 7 

m n 2 L 


5. 

ia 

15. 


2..8Q. 
1,.40_ 
Q..93 


1.40 
Q..70 
0..47 


10.0 

4.8 

2.11 


1:.48:.21 


7 x 14 

. CS§ ft 2 ! 


5 

10. 

15 


1,40- 

0..7CL 
Q..47 


2.80 
1..4Q. 
0.93 


7.44 

2.5 

1..1Q7 


1:..34: .15 


44 x 8 

(112 |t 2 L 


6L 

12 

18 


2, .33 
1*1? 
0..78 


1.33 
Q...67 
Q..44 


8.987 

3.89 

1..62 


1;. 43:. 18 


8 x 14 
012. f t 2 T 


6 
12. 

21 


1..33 
0.6.7 
Q...44 


2.33 
1.17 
0.78 


6.914 
2.16.7 
0.8 


1:.31:.12 








- --■■—- — .*- 
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Window 
s.tze 
H" x W CEt) 


Distance 

from 
Window (ftl 
D 


D 


W 
D 


Sky 

Component 

S.C.% 


Ratio 
SC 1 :SC 2 :SC 3 


14 x 9L 

(126. ft 2 ) 


7 

14 

21 


2. .00 
1.00. 
0-67 


1.29 

Q..64 
0.43 


8.48 
3.12 
1.192 


1:.37:.14 


9-X 14 
(126 ft2l 


7 
14 

21 


1..29. 
0..64 
0...43 


2..00 

l.QQ. 
0.67 


6.54 
2.0Q 
Q.781 


ls.31s.12 


14 x 10; 
(140. ft 2 1 


7 

14 

21 


2.0.0. 
1..Q0. 
Q..6.7 


1.43 
0-.71 
0...48 


8.76 
3.33 
1.38 


Is, 38s. 16 


10. x 14 

(140. ft 2 }. 


7 

14 

21 


1.43 
0...71 
Q...48 


2.0Q 
1.00. 
0.67 


7.45 
2.36 
Q.956 


1:.32:.13 


15 x 7 


6. 


2. .50. 
1.25 
0.-.83 


1.17 
Q...58 
0.39 


9.10 
3.49 
1.65 

- - — 1 


Is. 38s. 18 


(105 ft 2 J_ 


12 

18 


... .I 


7 x 15 
£105 ft2) 


6 

12 

18 


1.17 
0...58 
0.39 


2 . 50. 
1..25 
Q.83 


5.85 

1.8 

0.723 


1:.31:.12 


15 x 8 
C12Q ft 2 } 


7 

14 ' 
21 


2. .14 
1.07 

0..71 


1.14 
Q.57 
0-. 38 


8.424 

3.09 

1.257 


Is. 37:. 15 


8 x 15 

(12a ft2i 


7 

14 

21 


1.14 
0.57 
0...38 


2.14 
1..Q7 
Q...71 


5.498 
1.685 
0.636 


Is. 31:. 12 


15 x 10. 

0.50. f t 2 l 


7 

14 

21 


2..14 
1.0.7 
a.. 71 


1.43 
0...71 
Q.,48 


8.788 

3.68 

1.49 


Is. 42:. 17 


lax is 
asa. ft 2 L 


7 
14 

21 


1.43 

. CL.71 

0..48 


2..14 
1,0.7 
0...71 


7.475. 

2.43 

0..729 


1;.33:.10 


1613: 8 

_Q2S ft 2 ): 


6. 

12. 

18 


2.. 6.7 
1..33 
Q..89. 


1..33 
0...6.7 
CL.44 


9.835 

4.47 

1.93. 


1;.45;.20 


8 x 161 
C12S ft 2 ! 


6. 

12. 

18 


1.33 
Q-.67 
0.44 


2. .6.7 
1..33 
0....89. 


7.0Q 
2 .0.8 
0.903 


1;. 305.13 
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Window 
size 
H. x W (ft). 


Distance 

from 
Window (ft)_ 
D 


H. 
D 


w 

D 


Sky 
Component 

C P ft 


Ratio 

Of*" 1 ■ Of" 1 ■ C/*" 1 


o ~ L- . o 


ol-i :oL^:oL-j 


16. x 9- 


6 

12 

18 


2.. 6 7 
1.33 


1.50. 
75 


10.12 

4.79 
2.17 


1:.47:.21 


CJ.44 ft 2 ). 


0.. 89. 


a. .50. 




9-X 16. 
(.144 ft 2 ). 


6. 

12 

18 


1.5.0. 

0.75 
0.50. 


2.67 
1.33 
Q. 89 


7.967 
2.68 

1.19 


1:.34:.15 


16 x 10 
U6.0 ft 2 ). 


7 

14 

21 


2.29 
1..14 
CL..76 


1..43 
0..71 
0.48 


9.24 
3.99 
1.64 


1:.43:.18 


10 x 16 
(160. ft 2 ) 


7 

14 
21 


1..43 
0.71 
1.64 


2.29 
1.14 
0.76 


6.68 

2.5 

Q.97 


ls.37i.Z5 















Comparison between the performances of rectangular windows having 
different proportions.. 
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window 


Distance 

from 
Window, ft... 
D 


H. 
D 


W 


Skv 


Ratio 
SC-^SC^rSC^ 


size 
H x W ft.. 


D 


Component 
S.C.% 


C3..461 2 

Eq..W-.** 
4x3 


1/3 x 10. 
2/3 x 10 

10 


1..04 
0..52 
Q...35 


1 .04 
Q. 52 
0..35. 


4.3 

0.926 

0.30 


1:.22:.07 


C3.87)2 

Eq-.w.. 

5x3 


1/3 x 11 
2/3 x 11 

11 


1.Q5 
0-53 
0..35. 


1.05 
0.53 
0...35 


4.375 
0.979 
0.30 


1:.22:.07 


(4.901 2 
Eq..W.. 
6x4 


1/3 x 13 

2/3 x 13 

13 


1.13 
0.57 
0...38 


1.13 
0.57 
0.38 


4.873 

1.191 
0.382 


1:.24:.08 


(5.29) 2 
Eq.W. 
7x4 


5 

10 

15 


1.06 
0.53 
0.35 


t r\£> 


A 1 1C 


1:.26:.07 


x.uo 
Q.53 
0.35 


H. . IZO 

0.979. 
0.30 


(5.661 2 
Eq.W.. 
8x4 


C 


1 T ^ 


1.13 
0-.57 
Q.38 


4.837 
1.191 
0.382 




D 

10 
15 


J- ..13 
0.5.7 
0.38 


1: .26: .08 


(6..71I 2 
Eq.W. 
9x5 


1/3 x 16 

2/3 x 16 

16 


1.26 
0.63 
0.42 


1.26 
Q..63 
0.42. 






5.79 
1.48 
0.518 


1:.26:.09 


(7.07) 2 


c 


1 TO 


1.18 

o.5a 

Q.39 


5.2 

1.297 

0.396 




Eq.W. 
10 x 5 


12 
18 


o.sa 
o. 3 a 


1: .25: .08 


(7.75)2 
Eq,W. 
10 x 6 


6 

12 

18 


1.29 
0.65 
Q.43 


1.29 
0.65 
Q.43 


6.0 
1.6 
0.552 


1:.27:.09 


(8..37L 2 
Eq..W. 
10 x 7 


6 

12. 

18 


1..40 
0..70. 
0.,47 


1.40 
Q..7Q 
0...47 


6.70 
1.90 
0.688 


1:.28:.10 


C8.,94L 2 

Eq.W... 
10 x 8 


6, 

12 

18 


1.49 
a % 75 
Q.5Q 




1.49. 
Q..75 

0..50. 


7.195 

2.35 

0.82 


l:.31:.ll 



Performances of square windows having areas equivalent to the 
rectangular windows tested previously in Table 14, 

** - Equivalent to window size 
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Window 


Distance. 

from 
Window ft.. 
D 


H 

D 


W 


Sky- 


Ratio 


size 
H. x W ft.. 


D 


Component 
S,C.% 


SCi:SC 2 :SC 3 


(5..63L 2 
EqvW., 
11 X 4 


6 

12. 

18 


1.11 
Q-.70 
Q.,47 


1..11 
0...70 
0.47 


4.795 

1.90 

0.688 


1:.23:.07 


(7,42)5 


6. 


1..24 
0.62 
a. 41 


1.24 
0.. 62 
Q..41 


5.66 
1.42 
Q. 4615 


1:.25:.08 


Eq.W". 
11 x 5 


12 
18 




(8.49) 2 
Eq.W. 
12 x 6 


1/3 x 19- 

2/3 x 19 

19. 


1.34 
Q..67 
CL.45 


1..34 
Q. 67 

a.,45 


6.31 
1.72 
0.62 


1:.27:-10 


- — — -- — 

(9-17) 2 


1/3 x 2.0 
2/3 x 20 

2Q 


1.37 
0.69 
0..46 


1.37 
Q..69. 
0...46 


6.505 

1.75 

Q.654 


1:.27:.10 


Eq.W.. 
12 x 7 




(9vl7). 2 


7 

14 

21 


1.31 
a.. 66 
0...44 


1..31 


6.07 

1 CC 


1: .27:. 10 


Eq.W. 
12 x 7 


0.66 
0...44 


1. DO 

Q.586 




CSL8J 2 

Eq.W. 
12 x 8 


7 

14 

21 


1..4Q 

0.70. 
0.47 


1.40 
Q.70. 
0.47 


6.70 
1.90. 
0.688 


Is. 28t.l0 


(1Q.39). 2 
Eq.W. 
12 x 9 


7 

14 

21 


1.48 
0.74 
Q.49 


1.48 
0.74 
0.49. 


7.14 
2.18 
0.756 


1:. 31s .11 


(9-54) 2 
Eq.W. 
13 x 7 


6 

12 

18 


1.59. 
0.80 
Q.53 


1.59. 
0.80, 
Q...53 


7.745 

2.60 

0.979 


1:.34:.13 


(5U54); 2 

Eq,WV 
•13 x 7 


5 

10. 

15 


1.91 
Q..95 
Q...64 


1.91 
a.. 9 5 
0.64 


9.34 

3.375 

1..54 


1:.36:.16 


aa..2G): 2 - 

Eq>WX 
13 x 8 


7 

14 

21 


1..46 
0..73 
0...49 


1.46 
Q...73 
Q.,49, 


7. .03 
2.11 
0.. 7 56 


ls.30s.ai 


aa v 82i 2 

Eq^vW-... 
13 x 9. 


7 

14 

21 


1..55. 
0..77 
0,52. 


1,55. 
Q.,77 
Q.52 


7. .45 
2.39 
0.926. 


1:,32:,12 


(3-.901 2 
Eq v W\ 
14 x 7 


5 

10.. 

15 


1,98 
0,99. 
0.66 


1..98 
0...99. 
0. 66 


9.66 
3. .84 
1.66 


1;.40:.17 
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Window 

size 

H x W ft.. 


Distance. 

from 
Window ft .. 
D 


H 
D 


w 

D 


Sky 

Component 

S.C% 


Ratio 
SC 1 :SC 2 :SC 3 


C1Q.58). 2 
Eq.W. 
14 x 8 


6 

12 
18 


1.76 
0..88 
0.5.9 


1.76 
Q.88 
0.59 


8.75 
3. 08 
1.297 


1:.35:.15 


(.11.22) 2 
Eq.W. 
14 x 9 


7 

14 

21 


1.60 
0.80 
0.53 


1.6.0 
0.80 
0.53 


7.80 
2.60 
0.979 


1j.33s.13 


(11.83). 2 
Eq.W. 
14 x 10 


7 

14 

21 


1.69 
0.85 
0.56 


1.69 
0.85 
0.56 


8.295 

2.90. 

1.138 


Is. 35:. 14 


CIO. 25) 2 
Eq.W. 
15 x 7 


6 

12 

18 


1,71 
0...85 
0.57 


1.71 
Q..85 
0.57 


8 . 39.5 

2.90 

1.191 


1:.35:.16 


(10.95). 2 
Eq.W. 
15 x 8 


7 

14 

21 


1.56 
0.73 
0...52 


1.56. 
0.78 
Q..52 


7.69 

2.5Q 
0.922 


1:.33:.12 


(12..25) 2 
Eq.W. 
15 x 10. 


7 

14 

21 


1.75 
0.88 
0.58 


1,75 
0.88 
0.58 


8.575 

3.08 
1.244 


1: .361.15 


(11.31) 2 

Eq.W., 
16 x 8 


6 

12 

18 


1.89 
0.94 
0.63 


1.89 

0.94 
0.63 


9.34 
3.54 
1.48 


1:.38:.16 


(12)2 

Eq..W. 
16 x 9 


6 

12 

18 


2 ..00. 
1..QQ. 
0...67 


2.00 
1..00. 
0.67 


9.70 
4.00. 
1.72 


1*. 41s. 18 


U2...65L 2 

Eq..W\, 
26. x 10. 


7 

14 

21 


1..81 
CL.9a 

cu.&a 


1.81 
Q... 90.. 
0.60. 


8.85 
3.30 
1..3Q 


1:.37:.15 



Performances- q% square windows, having areas equivalent to the 
rectangular windows, tested previously in Table 14. 
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4 

the usual measure of the direct sunlight under a non-uniform sky . 



Direct sunlight is not included in the values of illumination shown 
in these tables. 

It is evident from the shown tables that for a given window 
area, the illumination shanges with a change in the window's propor- 
tions. This comparison is further elaborated upon in tables 18 
through 19 . In these tables , windows are clustered in groups with 
similar areas. Each group contains the three different types of 
windows - the vertical, the horizontal, and the square window. 
Therefore, though the windows in each group are equivalent in area, 
they differ in their proportions. For example, a tall window 10 ft. 
by 5 ft., has the proportion of 1:0.5 for height to width, whereas 
the same window when positioned horizontally, will have a ratio of 
1;2, The same area of window, when made square, will have a ratio 
of 1;1, and so on. When the given tables are carefully examined, 
it will be realized that for a given area, the tall window always is 
superior in performance than the other shapes of windows in the same 
group. When maximun light and quality are the goals sought, the 
taller the window, the more light the reference point will receive 
and the better the resulting quality will be. It will be maintained 
that if the distribution of light across the room is higher than the 
initially proposed minimum standard, this will be an indication of 
good quality. In examining this further, let us compare two groups 



4 Ibid., pp. 70 and 578. 
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of windows from among those listed on the table that rerpresents the 

extremes in the study. The first group consists of two windows which 

are 7 ft. by 4 ft. and 4 ft. by 7 ft. (height by width) . The second 

group consists of windows which are 10 ft. by 8. ft. and 8 ft. by 10 

ft. Within the first group, the sky component of the daylight factor 

at a reference point 5 feet from the left corner of the window is 5.2 

percent for the vertical window, while for the horizontal window it 

is only 3.2 percent. This means that the vertical window gave 62.5 

percent more illumination than the horizontal one of the same glazing 

area. 

If the window of the second group is examined following the 
same rules, we shall see that the vertical window in that group, 
which is 10 ft. by 8 ft., gives only a 5.8 percent increase and not 
a 62.5 percent as the former window of the first group. The reason 
for this is that the difference in proportion of length to width in 
the 10 ft. by 8 ft. window is not great enough between the horizontal 
and vertical window to have a significant influence on the amount of 
light as found in the differences of the first group. 

It is evident that the window proportion plays a more impor- 
tant role than the total area of the window in determining the window 
performance in producing the maximum light. 

Since in the library reading rooms the furniture is almost 
permanent in its location, the position of windows and their propor- 
tions may contribute much to the illumination on the reading plane. 

In examing light distribution, the efficiency of windows were 
studied for their ability to maintain light penetration without seri- 
ous decreases. 
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Tests have been made for reference points located at distances 

of 5, 10, and 15 feet from the window corner. Tables 16 through 17 

show the coutcome of the results and the manner in which each window 

distributes the light, whether quantitatively or qualitatively. 

The conclusion drawn from this examination reveals the super- 
iority of the vertical window over both the horizontal and the square 
windows, both in terms of the quantity and the quality of light pene- 
trating the interior. 

It can be shown, however, that one can obtain double the amount 
of light by a wise choice of window proportions. To demonstrate this, 
let us take a window of 4 ft. by 7 ft., though any other window would 
serve as well. 

As we have seen before, the long window, 4 ft. by 7 ft., intro- 
duces a3.2 percent sky component at a distance of 5 feet from the win- 
dow corner. Spliting this window into two horizontal strips of 2 ft. 
by 7 ft. each, and positioning one of these window halves vertically 
so that the long side (7 ft.) becomes its height, the sky component 
obtained at the same reference point was found to be 3.2 percent. 
This means that the reference point received the same amount of light 
after reducing the window area by 50 percent. 

By positioning the other window half beside the vertical one, 
the sky component at the mentioned reference point was found to be 
5,2 percent and not double 3.2 percent (that is, 6.4 percent). This 
means that the 7 ft. by 2 ft, window nearest the reference point in- 
troduced 3.2 percent S,C, while the adjacent 7 ft. by 2 ft. window 
introduced only 2 percent S.C. 
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Window, 

size. 

n. x W ft.. 


Distance 

from 
Window ft., 
D 


H. 
D 


w 

D 


Sky 

Component 

S.C.% 


Ratio 
SCi ;SC2 :SC^ 


(3,.46L 2 
Eq.. W.. 
4x3 


5 

10. 

15 


0,69 
0,35 
0.23 


0,69 
0,35 
0,23 


1,86 

0.30 
0. 093 


1:.16:,05 


C3..87L 2 
Eq.. W, 
5 x 3 


5 

10 

15 


0.77 
0.39. 
0,26 


0,77 
0,39 
0,26 


2.39 

0.396 

0.126 


1: .17:. 05 


(4 , 90L 2 

Eq-. w, 
6x4 


5. 

ia 

15 


0,98 
Q,49 
0,33 


0,98 

a. 4a 

0,33 


Q.98 
0.49 
0.33 


!; .23: .08 


C5..29). 2 

Eq.. W.. 
7x4 


5 

10, 

15 


1.06 
0,53 
0,35 


1.06 
0,53 
0.35 


4.45 
Q. .979 
0.30 


1:.22:.07 


CS.661 2 

Eq, W 
8x4 


5 

la 

15 


1,13 
0.. 5 7 
0,38 


1,13 
0,57 
0.38 


4.915 
1.191 
0.372 


1: .24:. 08 


C6.711 2 
Eq.. W, 
9 x 5 


5 

10. 

15 


1,34 
0,67 
0. 45 


1,34 
0.67 
0.45 


6.27 
1,72 
0.620. 


1:.27: .10 


C7..Q7) 2 . 
Eq, W, 
10 x 5. 


5 

10. 

15 


1.41 
0,71 
0,47 


1,41 
0.71 
0.47 


6,719 

1.97 

0.681 


1:.29:.10 


(7,75)1 2 

Eq. W, 

•la x 6 


5 

10. 

15 


1,55 
0,78 
0,52 


1.55 
0.78 
0.52 


7.525 

2.46 

0,926 


1:.33:.12 


(.8,37 1 2 
Eq, W. v 

ia x 7 


5 

aa 

-15 


1,67 
a, 84 
0...56 


1.67 
a,84 

a,56 


8.185 

2.84 

1.138 


1:.35:.14 


(S*94L 2 
Eq, W_,. 
AQ.-X 8 


5 

JXL 

15. 


1 ,7a. 

0-.89. 

a.6.0 


1,79 
Q, 89. 

o,6a 


8. .7 55 

3.14 

1..3 


1:,36:,15 



Influence, of the. square windows ' areas increase upon the distribution 
<&£ light, at reference points 5 f ia f a,nd 15 feet from the window corner. 
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TABLE 16 



Window 

size. 

H. x W £ t. v 


Distance. 

from 
Window ft.. 
D 


H. 

b 


D 


Sky 

Component 

S.C.% 


Ratio 
SC 1 ;SC 2 :SC3 


C6,6.3L 2 
Eq., W v 
11 x 4 


5. 

1Q 

15 


1.33 
Q..66. 
Q.,44 


1.33 
0.66 
0.. .44 


6.245 

1.52 

0,586 


1:.24:.09 


C7.421 2 

Eq.. W.. 

n x i 


5 

la. 

15. 


1.48 
0.74 
0..49 


1.48 

0.74 
Q..49 


7.022 

2.22 

0.756 


l:.32;.ll 


(8 ..49) 2 
Eq.. W-. 
12 x 6 


5 

10- 

15. 


1..70. 
0.85 
G-.57 

- 


1.70. 
0.85 
0,57 


8,35 
2 ,9.0 
1.191 


1:.35:.14 


C9..17L 2 
Eq.. W.. 
12. x 7 


5 

10. 

15. 


1..83 
0.92 
Q..61 


1,83 
0.92 
0..61 


8.95 
3.42 
1.36. 


1:,38:.15 








(9.8)_ 2 

Eq.. W.. 
12 x 8 


5 

ia 

15 


1.96 
0.98 
Q..65 


1,96 
Q.98 
0,65 


9.62 
3.34 
1.60 


1:.35:.17 


(10...39). 2 
Eq. W. 
12 x 9 


5. 

10 

15 


2. 08 

1.Q4 
0.69 


2,08 
1.04 
0.6.9 


9.743 

4.30 

1.84 


1:,44:.19 


C9.54). 2 
Eq. W.. 
13 x 7 


5 

10 

15 


1,9.1 
0.95 
0.64 


1..91 
0,95 
0.64 


9.395 
3. ,6 
1.54 


1:.38:,16 


(1Q..21 2 
Eq. W.. 
13 x 8 


5 

10. 

15 


2.04 
1.Q2 
0...68 


2.0.4 
1,02 
0,68 


9.736 

4.18 
1.78 


1:.43:.18 


ao-821 2 

Eq.. W... 
! 13 x 9.. 


5. 
10. 

15. 


2.16 
1..08 
Q..72 


2,16 
1..08 
Q.,72 


1Q.135 

4.60. 

2.04 


1:.45:.2Q 


(B-,9QL 2 

Eq.. Wv 

14 x 7 


5 

ia. 

15. 


1..98 
Q..99 
0...66 


1..98 

a, 99 

0,66. 


9... 62 
3.84 
1 ..52 


1;.4Q.:..16 


. aCL,58L 2 
Eq.. W % 
14 x 8 


- 5. 

-ia. 

15. 


2 ,,12 

1.06 
Q..J1 


2.12 

1,06. 
0.71 


1Q..Q03 

4.45 

1..97 


1 ; ..44 : ,20 



Influence of the. square windows'- areas, increase upon the distribution of 
li-ght. at. reference points. 5, 10 f an d IS feet from the. window corner. 
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TABLE 


16 








Window 

size, 

H x W; ft.. 


Dis.tg.nce. 

from 
Window- ft.. 

D 


H 
D 


W 
D 


Sky 

Component 

S.C,% 


Ratio 
SC 1 :SC 2 ;SC 3 


C01..22.L 2 - 

Eq. W, 
14x9. 


5 

10 
15 


2..24 
1.12 
0.75 


2.24 
1,12 
0.. 75 


ia.544 

4,86 

2.25 


1;.46:.21 


(11..83). 2 
Eq.. W.. 

14 x ia 


5 

IQ 

15 


2.. 3 7 

1.18 
Q. 79 


2,39 
1.18 
0,79 


10.. 847 

5.04 

2.53 


1;.46:.23 


aa.25). 2 

Eq. W.. 
15 x 7 


5 
IQ 

15. 


2.05 
1.03 
Q..68 


2.0.5 
1.Q3 
0. 68 


9 .845 
4.225 
1,78 


1:.43:.18 


(10.95X 2 
Eq.. W.. 
15 x 8 


5. 
10.. 

15 


2,20, 
1..10 
Q..73 


2.20. 

i .ia 

0,73 


10.32 

4,75 

2,11 


1:.46:.20 


(12..251 2 
Eq. W, 
15 x 10. 


5 

10 

15 


2.. 4 5 
1.23 
0,82 


2,45 
1.23 
0.82 


11.17 
5,595 
2,72 


1: .50:, 24 


U1.31). 2 

Eq.. W._ 
16 x 8 


5 

10. 

15 


2,26 
1,13 
0,75 


2,26 
1,13 
0.75 


10,656 

4,915 

2.25 


1:.46:,21 


U2) 2 
Eq.. W. 
16 x 9. 


5 

10. 

15 


2.40 
1,20 
0,8Q 


2.40 
1.20 
0,80 


1Q..94 

5.4a 

2 .60. 


1:«49:,24 


C12.651 2 
Eq.. W.. 
16 x 10. 


5 

la 

15 


2,53 
1,27 
0,84 


2.53 
1.27 
,84 


11.38 
5,855 
2.84 


It. Sit. 25 



Influence of the. square windows 1 areas increase upon the distribution 
Of light, at. reference, points 5, IQ, and 15 feet away from the window 
corner .. 



Window: 


Distance 


R 

n 


W ! Sky 

13 C ,r,mr,r "i eri ^" 


Ratio 


size 
H.x W" ft.. 


4- i- tJlu 

Window ft.. 
D 






S.C.% 


SC-i :SCpsSCo 


4x3 


5 


0.80 

a. 40. 

0.27 


a. 60 

0,30 
0.20 


2.2 

0.34 

0.116 


1:.15:.05 




10. 

15 




3x4 


5 

10 

15 


Q.6Q 
0.30. 
0.20 


Q.80, 


1.6 


It. 16:. OS 




0.40 
0.27 


0.26 
0.Q8 




5x3 


5 

10. 

15 


1.00 
Q..50. 
Q.33 


0.60 
0.30 
0.20 


3.0 

0.52 

0.173 


1:.17:.06 


3x5 


5 


0,60 
0.. 30. 
Q..20. 


1 . 00 
0.50 
0.33 


1.8 


1:.17:.07 




10 
15 


0.30 
0.123 




6x4 


5 


1..20. 


0.80 
0.40 
0.27 


4.5 

0.98 

0.313 


Is. 22s. 07 




10 
15 


Q.6Q 
0,40 




4x6 


5 

10 

15 


0.80 

0.40 

a. 27 


1.20 
0.60 
0.40 


3.1 

0.62 

0.215 


1:.20:.07 


7x4 


5 

10 

15 


i..4a 

0.70 
0.47 


0.80 
0.40 
0.27 


5.2 
1.3 
0.411 


1:.25:.08 


4x7 


5 


0..80 


1.40 
0.70 
0...47 


3.2 

0.70. 

Q.225 


1:.22:.07 


io 
is 


0,40 
0,27 




8x4 


5 

10. 

15 


1,6.0 

a.,80. 

CL S 53 


Q...8Q 
0u4Q 

0,27 


5.8 
1.6 

0.523 


1:.28:.09 


4x8 


5 

1Q. 

15 


a..8a 

0-.4Q 
Q..27 


1,60 

a,8Q 

Q,5.3 


3.3 


1:.23:.Q8 




0.75 
Q..252 
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Effect of the. window size and proportion upon the distribution of 
light at. reference points 5, 10 < and 15 feet from the window corner. 
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Window 

size. 

H x W- ft.. 


Distance 

from 
Window ft. 
D 


— - " — 

H. 
D 


W 
D 


Sky 

Component 

S.C.% 


Ratio 
SC1:SC :SC 3 


9. x 5 


5 

10 
15 


1.80 
0...9.0. 


1.0.0 

a. so 


7.1 
2.2 


Is. 31:. 11 




Q.6Q 


0.33 


0.812 




5x9. 


5. 

10 

15 


1.00. 
0.50 
0.33 


1.80 
0.90 
Q.60 


3.6 

1.2 
0.424 


1:.33:.12 


10, x 5 


5 

10 

15 


2.0.0 
1.0Q 
Q..67 


1.0.0 

0.50 
0.33 


7.5 
2.6 


1:.35:.13 




0.973 




5 x 10 


5 

10 

15 


1.0.0. 
0...5Q 
0.33 


2. .00. 
1 . 0.0. 
0.67 


4.7 
1.3 
0.425 


1:.28:.09 


10 x 6 


5 

10 
15 


2.0.0 
1.00. 
0.67 


1.20 
0.60. 
0.40 


8.3 

3.0 
1.104 


1:.36:.13 


6 x 10. 


5 

10 

15 


1.20 
0.6.0 
0..40 


2.00 
1.Q0. 
0.67 


6.1 
1.8 
0.676 


l:.30:.ll 


10 x 7 


5 

10. 

15 


2.00 
1..Q0 
Q.6.7 


1.40 
0.70. 
0.47 


8.7 
3.3 
1.358 


1:.38:.16 


7 x 10. 


5 
1Q 

15 


1..40. 
0...70. 
0..47 


2..0Q 
1.0.0 
Q.6.7 


7.3 
2.3 
Q.921 


Is .32:. 13 


10. x 8 


5. 

10. 

IS 


2.00. 
I.O.Q. 
Q.,67 


1.60 

0...80. 
Q..53 


9.1 
3.6 
1.251 


ls.4Qs.14 


8 x ia 


5. 

1Q. 

15 


1 .60.. 
Q...80. 
CU.53 


2. .0.0. 
1..QQ. 
0.67 


8.6 
2.9. 
1^09 


1:.34:.13 


12. x 4 


5 

10. 

15 


2..2Q 
1.10. 
0..73 


Q..8Q 
0...4Q 
0..27 


7..Q. 
2..5 


1:.36:.13 




Q..90 




4 x 11 


5 

10 

15 


0.. 80. 
0...4Q. 
0,73 


2. .20 
1.10. 
0.33 


3.3 

Q.9Q5 

1.138 


1;..27:.10 

Continued. 



172 



Continued. 


TABLE 17 










Window- 
size. 
H. x W ft.. 


Dis.tance. 

from 
Window ft 
D 


H. 
D 


W Sky 
D Component 
S.C.% 


Ratio 
SC i: SC 2 :SC 3 


11 x 5 


5 

ia 

15. 


2. ,20. 

i.ia 

0.73 


1.00 

a., so 

a.. 3 3 


7.9 
3.0 

1.138 


1:.38:.14 


5. x 11 


5. 

1Q 

15 


l.on 

0...50. 

a. 33 


2,20 
1.1a 
Q.73 


4.74 
1.35 
Q.488 


1:.28:.10 


12 x 6 


5 

ia 

15 


2,40. 
1.20 

a,8a 


1.20 

0,60 

a. 40. 


9.1 
3.8 
1.6 


1:.42:.18 


6 x 12 


5. 

10. 
15. 


1..2Q. 

a. so 

0.40. 


2.40. 
1.20. 
0.80 


6.18 

1.9 

0.75 


Is. 31:. 12 


12 x 7 


5. 

10 
15 


2.40. 

1.2a 

0,80 


1.40. 
0.70 
0.47 


7.5 
4.2 
1.81 


1:.44:.19 


7 x 12 


5 

ia 

15 


1.40. 

a. 70. 

0.47 


2.40 
1.20 
0.80 


7.38 

2.5 

0.995 


1:.34:.12 


12 x 8 


5 
10. 

15 


2.40. 
1,20. 
0.8Q 


1.60 
Q.80 
0. 53 


10.0 

4.5 

1.99 


1:.45:.20 


8 x 12 


5 
10. 

15 


1.6Q 
0..8Q 
a. 53 


2.40 
1.20 
0.80 


8.36 
3.10 
1.25 


1:.37:.15 


12.x 9. 


5. 

ia 

15. 


2,40 
1,20 
Q v 80 


1,80 
0,9.0. 
0...6Q 


10.4 

4.8 

2,2 


1:.46:.21 


SLx 12. 


5. 

ia, 
is 


1,80- 
0..9O 
GL.60. 


2,40 
1,2Q 
O..80 


9.16 

3.7 

1.6 


1: .40: .17 


23 x 7 


5 

10. 

15. 


2,60- 
1..30 
-Q..87 


1..40 
0., 70 

a,47 


9.8 
4,5 

2. 02 


1;,46:.21 


7x13 


5. 

10. 

15 


1 .40 
CU7Q 

0...47 


2,6a 
1.3a 

0.87 


7.42 

2,50. 
1.044 


1;,34;.14 
Continued . 
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Window 

size. 

H. x K fit* 


Distance 

from 
Window ft.. 
D 


H. 
D 


W 

D 


Sky 

Component 

S.C.% 


Ratio 
SC 1 :SC 2 :SC 3 


13 x 8 


5 

1Q 

15 


2.60 
1.30. 
0.87 


1.60. 
0.80 
0.53 


10.20 

4.9 

2.0 


1: .48:. 22 


8 x 13 


5. 

10. 

15, 


1.60. 

a. so. 
a. 53 


2.60. 
1.30 
a. 87 


7.92 
3.15 
1.32 


1:.40:.17 


13 x 9 


5 

1Q 

15 


2.60. 
1.30. 
Q.,87 


1..8Q 

a.. 9a 
a. 60 


10.8 

5.2 

2.48 


1:.48:.22 


9_x 13 


5 

1Q 

15 


1..8Q 
Q. 90. 

o.6a 


2.6a 

1.30 
0.87 


9.22 
3.75 
1.67 


1:.41:.18 


14 x 7 


5 

10 

15 


2. .80 
1..40 

a ..93 


1.4Q 
0.7Q 
0.47 


10.0 

4.8 

2.2 


1:.48:.22 


7 x 14 


5 

ia 

15 


1.40. 

a. 7a 

0.47 


2.80 

i.4a 

0.93 


7.48 

2.5 

1.167 


1:.33:.16 


14 x 8 


5 

10 

15 


2. ,8a 

1.40 

0..9.3 


1.6Q 
0.80 
0.53 


1Q.5 

5.2 

2.44 


1: .48: .22 


8 x 14 


5 

10 

15 


1.60 

a. so 
a. 53 


2.80 
1.40 
0.93 


8.48 

3.2 

1.38 


1:.38:.16 


14 x 9- 


5 

10- 

25 


2.8a 
i..4a 

0...93 


1..8Q 
0.90 
Q.60 


\ 

11.1 

5.6 

2.72 


1:.50:.23 


SLx 24 


5 

2a 

25 


2. .80. 
0^.90, 
O..,60. 


2.8a 

1 ..40. 

a.. 93 


9.28 

3,8 

1.73 


1:.38:.16 


24 x 2CL 


5 

2Q 

25 


2. .80. 
2.40. 
Q-.9.3 


2. .00 
1..Q0 

a. .67 


11.4 

5.9. 

2.86 


1:..52:.25 


10- x 14 


. 5 
20. 
25 


2.. 00. 

i..oa 

0...67 


2.80 
1..4Q. 
0..93 


9..9B 
4.50 
2.08 


1:..45:.21 
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Window - 

size 

H x W ft,. 


Distance 
from 

Window ft.. 
D 


H. 
D 


W 
D 


Sky 

Component 

S.C.% 


Ratio 
SC 1 ;SC 2 :SC 3 


lSx 7 


5 
10. 

15 


3..oa 

1..50 

i.oa 


1..40 
0.70. 
0.47 


10.2 

5.1 

2.48 


1:.50:.24 


7 x 15, 


5 
10. 

15 


1..4Q. 
0...70. 
Q.47 


3.Q0. 

1.5Q 
1.00. 


7.5 

2.55 

1.177 


1:.34:.16 


15. x 8 


5 

10. 

15 


3. ,0.0. 
1.50 

i.aa 


1.60 
0.80 
0.53 


10.7 

5.6 

2.72 


1:.52:.25 


8 x 15 


5. 

10. 

15 


1.6.0 

a. so 

0.53 


3.0.0 
1.50 
1.00 


8.5 

3.25 
1.45 


1 i, 38:. 17 


15 x 10. 


5 

10 

15 


3.00 
1.5.0 
1..0Q 


2.Q0 
1.00. 
0.. 67 


11.7 
6.2 

3.21 


1:.53:.27 


10 x 15. 


5 

10 

15. 


2.00 

i.aa 
a..67 


3 . 00 
1.50. 
1.Q0. 


10.0 
4.55 
2.15 


1: .46: .22 


16. x 8 


5 
10 

15 


3.20. 
1.6Q 
1..Q7 


1.6Q 
0.80 
0.53 


10 . 86 

5.8 

3.0 


1:.53:.28 


8 x 16 


5 
10. 

15 


1.60 
0..8Q 
0.53 


3.20 
1.60 
1.07 


8.52 

3.3 

1.52 


1:.39:.18 


16. x a. 


5. 

10. 

15. 


3 ..20. 
1.6.0. 
1..Q-7 


1.80. 

o..aa 

0..60. 


11.4 
6.2 
3. ,28 


ls.54i.29 


a x 16- 


5. 

10. 

15. 


1 .80.. 
0..9Q. 
O.. 6.0. 


3. .20 
1..6Q 
1.07 


9.32 
3. .9. 

1..835 


ls.42s.20 
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TABLE 17 










Window 

size. 

H x W ft.. 


Distance 

from 
Window ft., 
D 


H 

D 


W 
D 


Sky 

Component 

S,C.% 


Ratio 
SC 1 :SC 2 :SC3 


16 x 10 


5 
10. 

15. 


3.20. 
1.60 
1..Q7 


2..0O 
1.00 
0.67 


11.8 

6.5 

3.28 


It. 54:. 29 


10. x 16. 


5 

10. 

15 


2.00 
1.00 
0.67 


3.20 
1.60 
1.Q7 


10.02 

4.6 

2.185 


1:.46: .22 
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Effect of the window size and proportion upon the distribution of 
light at reference points 5, 10., and 15 feet from the window corner. 
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Window, 


Window 
Proportion 
H.;W 


Max.. Dist.. 


S,C. Losses due to 


Change 


Dimension. 
H x W ft.,. 


from Win- 
dow ft.. CPI 


in Window Proportions 
at D/3 2/3D D 


4x3 
3x4 
C3.461 2 


Is. .75 
1:1. .33 
1;1 


10 

io: 

10 


a 

-22.92% 
-10.. 42% 



-27.52% 
-15.05% 


Q 
-39.53% 
-30.23% 


5x3 


Is. 6. 
1:1. .67 
1;1 


n 
n 
n 


Q 

-37.74% 
-14.88% 


Q 

-46.89% 
-25.72% 


0. 

-34.88% 
-30.23% 


3x5 
C3.87) 2 


6x4 
4x6 
(4.91 2 


1:..6.7 
1:1.5 

1:1 


13 

L 3 


a 

-32.14% 
-12.. 98% 




-39.29% 
-14.93% 



-36.36% 
-13.18% 


7x4 

4x7 


1:.57 
1;1.75. 


15 
15 
15 


0. 
-38 ..46% 
-20.65% 


0. 
-46.15% 
-24.69% 



-38.10% 


(.5.29) 2 


1,1 


-28.57% 


8x4 
4x8 
C5..66). 2 


Is .5 

1:2. 

1:1 


15. 
15. 
15 


a 

-43.10% 
-16.60% 



-46.15% 
-25.56% 



-38.10% 
-26.54% 


9_x 5 


1;..56 


16 


0. 
-39.39% 
-12.27% 



-55% 
-26% 





5x9- 
(6.71). 2 


1:1.8 
1:1 


16 
16 


-50% 
-19.06% 


10. x 5 

5 x 10 
C7..07) 2 


1:..5 

1:2 

1:1 


18 

18 
18 


0. 
-45% 
-13.33% 



-51.18% 
-23.71% 



-49.39% 
-36.13% 


10 x 6 


1:.6 

1:1.6.7 

1:1 


18 






-43.50% 
-20% 





6 x 10 
C7.75). 2 


18 
18 


-31.34% 
-10.45% 


-43.75% 
-13.75% 


10 x 7 
7 x 10 
(3..37L 2 


1:..7 
l;l-.43 


18 
18 
18 


Q. 
-19.18% 
-8.22% 



-35.71% 
-9.52% 



-25.32% 
-12.91% 


'.10.. X 8 
8 x 1CL 


1;..8 

1;1.25 

1,1 


18 
18 
18 


a 

-12;;16.% 
-2 ..77% 


Q 
-40.% 
-10.%. 



-19.77% 
-4.65% 



T&RLE. 18 

Losses in Sky Component 



due to variation in window proportion.. 
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TABLE 18 





Window 

Proportion 

H;W 


Max. Dist. 
from Win- 
dow ft.. (J>1 






Window 
Dimension 
H. x W ft % 


S.C. Losses due to 
in Window Propor 
at D/3 2/3D 


Change 
tions 
D 




1;,36 
1:2.75 

1:1 


18 
18 
18 








11 x 4 

4 x 11 
C6,63)_ 2 



-58.97% 
-18.03% 


0. 
-68.24% 
-36.18% 



-71.93% 
-38.95% 









-45. .31% 
-11.56% 


Q 
-58.50% 
-29% 




11 X 5 
5 x 11 
(7.421 2 


1 : ,45 
1:2.2 

1:1 


18 
18 
18 



-68.12% 
-33.12% 


12 x 6. 
6 x 12 
C8..491 2 


1;,5 

1:2 

1:1 


19 
19 
19. 


Q 
-38.73% 
-11.13% 



-58.14% 
-20% 



-57.9.4% 
-27.06% 


12 x 7 
7 x 12 
(9..171 2 


1:,58 
If 1.71 
1?1 


20. 
20. 
2.0, 



-30.07% 
-5U.G2% 


Q 
-41.81% 
-24.57% 



-32.56% 
-23.95% 




1 : .5.8 

1;1.71 

1;1 







-44.23% 
-20.19% 




12 x 7 
7 x 12 
(B.JL7X. 2 


21 
21 
21 



-31.92% 
-11.13% 



-36.22% 
-6.09% 




1:.67 

1:1.50. 

1:1 


21 
21 
21 








12 x 8 
8 x 12 
t9„8t 2 


Q 
-23.66% 
-7.84% 


Q 
-33.48% 
-16 ..30% 



-40.24$ 
-8.02% 






21 
21 
21 








12 x a. 

9 x 12 

ao...39). 2 


1:.75 
1:1.33 

1:1 


0. 
-15.36% 
-7.03% 



-26.19% 
-2.78% 



-27.04% 
-18.88% 









-24.29% 
-4 . 69% 



-44.44% 
-25% 




13 x 7 
7 x 13 
C9-..54). 2 


1:.54 

1:1.86 

1*1 


15 
15 
15 



-52.03% 
-23.76% 


13 x 7 
7 x 13 

Lca- V 54)_ 2 - 


lj.,54 
1:1 ..86. 
i;l 


18 
18 
18 


a 

-34,28% 
-9..10* . 


Q 
-41.06% 
-11.92% 


0. 
-48.12% 
-24.87% 


1.3 x 8 

8x13 
.XLCL2-L 2 


1 ; .,62. 
1*1 ,.63 
1*1 


21 
21 
21 


O 
-28,87% 
-8,82% 


a 

-43 .08% 
-18.85% 



-33.74% 
-22.70% 


13 x 9- 

a-jx J.3 

_aa.8?.L 2 


T - fiQ 


*>1 


a 

-21,22% 
~1Q.£7% 


Q 
-31,07% 
-14.64% 


Q 
-20,13% 
-19.65% 


l f X. s 44 
1?J- 


21 
21 



Losses in. SJcy Component due. to variation in window proportion. 
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TABLE *° 








Wfndow 
Dimension. 
H x W ft.. 


Window 
Proportion 
H;W 


Max.. Dist.. 
from Win- 
dow ft.. (Dl 


S.C, Los 
in Win 
at D/3 


ses due to 
3ow Propor 
2/3D 


Change 
tions 
D 


14 x 7 
7 x 14 
C9...9X 2 


l;^5a 
1:2 

1:1 


15 
15 

15 



-25.60% 
-3.40% 



-47.92% 
-20% 



-47.54% 
-21.33% 


14 x 8 
8 x 14 

(ia,5SL 2 


1:.57 

1-.1..75 

1:1 


18 
18 
18 



-23,0.7% 
-2.64% 


O 
-44.29% 
-20.82% 



-50.62% 
-19.94% 


14 x 9. 

9 x 14 
(J.1.22.). 2 


1 : .6.4 

1:1.56 

1;1 


21 
21 
21 



-22.88% 
-8.02% 



-35.90% 
-16.67% 



-34.48% 
-17.87% 


14 x 10 


Is. .71 
1:1. .4 
1:1 


21 
21 
21 


0. 
-14 . 95% 
-5.31% 


Q 


0. 


10. x 14 
(11 ..83). 2 


-29.13% 
-13.03% 


-30.72% 
-17.54% 


15. x 7 


1: .47 


18 


0. 
-35.71% 
-7.75% 


Q 
-48.42% 
-16.91% 





7 x 1.5 
(10..251 2 


1 : 2 .14 
1:1 


18 

18 


-56.18% 
-27.82% 


15 x 8 
8 x 15 
CIO. 9.5) 2 


1:..53 

1:1.88 

1:1 


21 
21 
21 


Q 
-34.73% 

-8.71% 



-45.47% 
-19.09% 



-49.40% 
-26.65% 


15 x 10 

ia x is 

(12.25)2 


1?.. 67 
1:1..5 
lsl 


21 

21 
21 


Q 
-14.94% 
-2.42% 



-33.9.7% 
-16.30% 



-51.07% 
-16.51% 


16 x 8 
8 x 16. 
Q1..31J, 2 " 


1:..5Q 

1:2 

1:1 


18 
18 
18 


Q 
-28.83% 
-5.03% 


Q 
-53.47% 
-20.81% 



-54.62% 
-25.63_ 


16. x 9 
9_jc 16. 


l iv 5.6 

1:1.78 


18 
18 


Q 
t21..27% 
-.4.15% 



-44 ..05% 
-16.49% 


0. 
-45.16% 


. Q.2.. oaL 2 - 


1*1 


18 


-20.74% 


2.6.x ia. 

10-x 2.6. 

.Q2..65I2 


l-,.,63 
2.-A-.6. 

2. -A 


21 
21 
21 


a 

-27 -.72% 
-4 ..22% 


a 

-37.34% 
-17,29% 



-40,85% 
-20.73% 



Losses, in. Sk-X Component, due. to variations, in window, proportions. 



179 



Window 
Dimension 

a x w f t. v 


Window. 
Proportion 
H.:W: 


D 

ft 


Sky Component 
at at at 
D/3 2/3D D 


Proportions 
of S.C. 


4x3 
3x4 
D..46L 2 


lsQ..;75 
1:1.33 

1;1.0. 


10. 
10 
10. 


4.8 
3.7 

4.3 


l.oa 

0.79 
.926 


0.43 
0.26 
Q-.3Q 


1:.23:.07 
ls.21s.07 

1:.22:.07 


5x3 
3x5 
(3.87) 2 


Is. 0.6.0 
1:1.67 

1:1.0 


11 
11 
11 


5.14 

3.2 

4.375 


1.318 
0.70. 
. 9.79 


0.43 
0..28 
0.3Q 


Is. 26s. 08 
1:.22:.09 

1:.22:.07 


6x4 


1 5 0.67 
1:1. ,50 

i?i.o 


13 
13 
13 


5.60 
3 .80. 
4.873 


1 40 


Ad 


1:.25:.Q8 
1: .22:. 07 
1:.24:.08 


4x6. 
C4,90}. 2 


0.85 
1.191 


0.28 
0. 382 






15 
15 

15 


5.20 
3. .20" 
4.126 


1.30. 
0.70. 
0.. 9.79 


0.42 
Q.26 
Q. 30 




/ x 4 
4x7 
<5 V 29L 2 


1 ; Q • 57 
1;1..75 

1;1.0. 


1:.25:.08 
1:. 22s. 08 
Is. 24s. 07 


8x4 

4x8 
(5.6612 


1:0.50 

1:2.0. 

1;1.,0 


15 
15 
15 


5.80. 
3.30. 
4.837 


1.6Q 
0..75 
1.191 


0.52 
0..30- 
0.382 


1:.28:.09 
1 : . 23 : . 09 
Is. 24s. 08 


?.x 5 
5x9 
(6.7ir 


1:0.56 

1:1.8 
1:1.0 


16 
16. 
16 


6.60. 

4 ..on 

5.79 


2.0 

0.90 

1.48 


0.64 
0.32 
0.518 


1:.30:.1Q 
1:.23: .08 
1: .26:. 09 


10 x 5 
5 x 10. 

(.7.07) 2 


1:0.50 

1:2.0 

1:1.0 


18 
18 
18 


6.00 
3.30 
5. 20 


1.70 
0.83 
1.29.7 


0.62 
0.32 
0.396 


IS. 285.10 

1: .25:. 10 
1:.25:.08 


10 x 6 
6 x 10 
(7..75L 2 


1:0.60 
1:1.67 
1:1.0 


18 
18 
18 


6.70 
4.60 
6.Q 


2.Q 

1.13 

1.6 


0.64 
Q.36 
Q.552 


Is. 30s. 10 

Is. 25:. 08 
1: .27:. 09. 


10 x 7 
7 X: 10. 

C8v37l2- 


1:0.7 
lsl.,43 

lsi.o. 


18 
18 
18 


7.3 
5..9. 
6...7 


2.1 

1.35 

1.9 


0.79 
Q..59. 
Q..688 


1:.,29: .11 
1:.23:..1Q 
Is .28 s. .10 


1.Q-X 8 
8:X 10- 
X8 N 94)_ 2 - 


liQ-.8 
J.;J..,25. 

i-ii-Q- 


18 
JL8 
J.8 


7.4 
6.5 
7. .195 


2.5 
1.5 
2.25 


a. 86 

0.69 
Q..82 


1;.34:.12 
1;.. 23 5. 11 
Is. 31s. 11 



TftBJLE, 19 

Compapison. between the light distribution from windows having equal 
ajjea,Sihut with, different proportions.. 
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Window 


Window. 


D 


Sky Component 




Dimension 


Proportion 




at 


at 


at 


Proportions 


H x W~ ft.. 


H;W 


ft.. 


D/3 


2/3D 


D 


of S.C. 






18 


5.85. 


1.7 






11 x 4 


l!. 36. 


Q..57 


1:.29:.10 


4 x 11 


1:2.75 


18 


2.4 


0.54 


0.16 


1:.23:.10 


(6.63)_ 2 


1:1.0. 


18 


4. .795 


1.085 


0.348 


1:.23:.07 


11 x 5. 


1;..45 


18 


6..4 


2. a 


Q.69. 


1: .31:. 11 


5 x 11 


1:2.2 


18 


3. .5 


0.83 


0.22 


1:.24:.Q6 


(7..42.J. 2 


1:1..0. 


18 


5.66 


1.42 


0..4615 


1 : . 25 : . 0.8 




1 ; ..5.0 


19. 


7..1 


2. .15 






12 x 6 


0.85 


1:.30:.12 


6 x 12 


l;2...a 


1SL 


4. .35 


Q...90, 


0,40 


1:.21:.09 


C8..49-L 2 


i;i..a 


19- 


6. .31 


1..72 


0.62 


1:.27:.10 


12 x 7 


1;.58 


20. 


7 .15 


2.32 


0.86 


1:.32:.12 


7 x 12. 


1:1^71 


20. 


5..0 


1..35 


0.58 


1:.27:.12 


C9.17) 2 


1;1 V 0. 


20. 


6.505 


1..75 


Q.654 


1:.27:.10 






21 


6.83 


2.Q.8 


Q..624 




12 x 7 


1:..5.8 


1:.30:.09 


7 x 12 


U1J1 


21 


4.. 6 5 


1.16 


Q.398 


1:.25:.09 


(5.17 1 2 


1:1.0. 


21 


6. 07 


1.66 


Q. 586 


1:.27:.10 


12 x 8 


1;.67 


21 


7.27 


2.27 


. 748 


1: .31:. 10 


8 x 12 


1:1. .5. 


21 


5. .55 


1.51 


Q.447 


1:.27:.08 


CSU 8) .2 


1:1.0 


21 


6.70 


1.9.0 


0.688 


12.28:. 10 




1:.75 


21 


7.68 








12 x a. 


2.52 


0.932 


1:.33:.12 


9 x 12 


1:1.33 


21 


6.50 


1.86 


0.68 


1:.29:.1Q 


(10. 39). 2 


1:1.0. 


21 


7.14 


2.18 


0.756 


l:.31:.ll 


13 x 7 


1:.54 


15 


9.. 80 


4.50. 


2.02 


1:.46:.21 


7 x 13 


1:1.86 


15 


7.42 


2.50 


0.9-69. 


1:.34:.13 


(9.54)_ 2 


1:1.0 


15 


9.34 


3.375 


1.54 


1:.36:.16 


13 x 7 


1;..54 


18 


8 ..52. 


2.952 


1.30.3 


1:.35:.15 


7x13 


1:1. .86. 


18 


5. .59.9 


1.74 


Q..676 


1:,31:.12 


t0..54I 2 


1,1^0- 


18 


7 ..745 


2 .60. 


0.979. 


1;.34: .13 


13 x 8 


. 1;„62 


21 


7.71 


2..6Q 


0.S78 


1:.34:.13 


8 x 13 


1?1...63 


21 


5. .484 


1..48 


Q. 64 8 


1;..27:.12 


_.ao^2i 2 


1 ? 1 A 0. 


21 


7.03 


2.11 


Q.756 


l;..30.:.ll 




1;.69.. 


21 






1 .1Q8 




13 x-91 


8. .34 


2. .8 


1;.34;..13 


-9.x 3-3 


1;1..44 


21 


6.57 


1,93 


-Q..885 


1,-.29;.13 


_.ao-jB2i? 


i:i v a. 


21 


7. .4 5. 


2.39. 


Q.,926 


1;..32:.12 



Comparison- between the. light distribution from windows having equal 
a,peasu: but. with, different proportions*. 
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Window 
Dimension. 
H x R ft. 


Window 
Proportion 
H:W 


D 
ft.. 


Sky Component 
at : at at 
D/3 2/3D D 


Proportions 
of S.C. 


14 x 7 
7 x 14 
CSU9I 2 


i;..sa 

1 ; 2 .0. 
1:1. .a 


15 

15 
15 


1Q..Q. 
7.44 
9.66 


4.8 
2.5 
3.84 


2.11 

1.107 

1.66 


1:..48:.21 
1:.34:.15 
1:.40:.17 


14 x 8 
8 x 14 
UQ-.58L 


1:..57 
1:1.75 

1 : 1 .0. 


18 
18 
18 


8.987 
6.914 
8.75 


3.8a 

2.167 
3.08 


1.62 
Q.80 
1.297 


li.43f.18 
1:.31:.12 

1:.35:.15 


14 x a 

9 x 14 
U1.22L 2 


1: .,64 
1:1.56 

1:1.0 


21 
21 
21 


8.48 
6.54 
7.80. 


3.12 
2.0 
2 .60. 


1.192 
Q.781 
0.979. 


1:.37:.14 
1:.31:.12 

1:.33:.13 


14 x 10 
10 x 14 
(11 ..83 1. 2 


lj..71 
1:1..4 

i;i..a 


21 
21 
21 


8.76 
7.45 
8.29.5 


3.33 
2.36 
2.90. 


1.38 

0.956 

1.138 


ls.38i.16 

1:.32:.13 
1:.35:.14 


15 x 7 
7 X 15 
(10... 25) 2 


It ,47 

1:2.14 
1:1. .a 


18 
18 
18 


9.10. 
5.85 
8.395 


3.49 

1.8 

2..9Q. 


1.65 
a. 723 
1.191 


1:.38:.18 
1:.31:.12 

1:.35:.14 


15 x 8 
8 x 15 

ao,95i 2 


Is. .53 

1:1.88 

1:1.0 


21 
21 
21 


8.424 
5.498 
7 .69. 


3.09 

1.685 

2.50 


1.257 
0.636 
0.922 


lj. 371.15 

1:.31:.12 
1:.33:.12 


15 x 10 
10 x 15 
U2.25) 2 


Is. .67 

1:1.5 
1:1.0 


21 
21 
21 


8.788 
7.475 
8.575 


3.68 
2.43 
3.08 


1.49 

0.729 

1.244 


1:..42:.17 
1:.33:.10 
1: .36:. 15 


16 x 8 
8 x 16 
(11 ..31). 2 


1:.50 
1:2.0 
1:1.0. 


18 
18 
18 


9.835 
7.00. 
9,. 34 


4.47 
2.08 
3.54 


1.99 

0.903 

1.48 


1:.45:.20 
1:.30:.13 
1: .38:. 16 


16.x 9^ 
SL-x 16. 
..0.2^0-QL 2 


1 - r ..5.6. 
l!l -.78 
l:l..a. 


18 
18 
18 


10...12 
7 .9.6.7 
9.7Q. 


4, ,7a 

2.6.8 

4.O.Q. 


2.17 
1.19. 
1.72 


1;.47:.21 
1:..34:.15 
1 ?. 41; .18 


16L x 10.. 

la.x is 
,._a2, < 65.)_2 ! 


Is. .63 

1 tl -.6- 
1 ?1 -fi- 


21 
21 
21 


9.. 24 
6...68 
8 ..85. 


3.99. 
2 V 5 

3.3a 


1.64 
0. 97 
1.30 


1;.43:.18 
1;..37:.15 
1;..37;.15 



Comparis.on. between the light, distribution from windows having equal 
areas,:_but. with_ different, proportions .. 
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A general conclusion will be that shifting a vertical window 

in the horizontal direction, with respect to the reference point, re- 
duces the influence of the window upon the illumination at the refer- 
ence point. This supports the hypothesis that the influence of the 
window sides upon the illumination at the reference point decreases 
with the increasing of the distance between the two sides of this 
window. This can be represented by vanishing lines connecting the 
window's height above the reference point to two vanishing points lo- 
cated equi-distant from the reference point but in the same plane as 
the window. In the same way it can be shown that the influence of 
the window's height upon the illumination at the reference point in- 
creases with the increase of the distance between the lintel and the 
sill. In other words, as the height of the window increases, light 
is proportionally increased in ascending rates. The vanishing point 
imagined to be located under the sill and connected to the top of the 
window at sides equidistant to the reference point, but in the same 
plane as the window. The sketch shown in Figure 29 illustrates this 
idea graphically. 

From Figure 31, it can be shown that the maximum room depth 
cannot exceed twenty feet when employing side windows. When this 
limitation is exceeded the light reaching the remotest part of the 
room is too low for reading and/or taking notes. Accordingly, a ref- 
erence point at the middle of this twenty foot distance can be chosen 
to represent the average distance, and a protractor can be designed 
from this point. A multitude of calculations of window widths can be 
made to determine the position of the vanishing points. Once this has 
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been completed, a protractor can be designed incorporating a multi- 
plier for different distances and depths of reference points. This 
will enable the architect to determine the window location and dimen- 
sion while his design is still in progress. 

However, the idea that the effect of the window sides are 
diminishing will be well understood by an architect who is familiar 
with this kind of representation. Hence, it may influence his design 
when dealing with library reading rooms. 

The relative permanency and the characteristic arrangement of 
the reading room furniture makes it possible to design windows and 
to distribute them according to the position of the furniture. In 
such cases, slender, tall windows illuminating each table or unit 
should be recommended. 









INFLUENCE OF THE WINDOW AREA 



UPON THE ILLUMINATION 



The purpose of this study is first of all, to find the in- 
fluence of increasing the window area upon the illumination at a ref- 
erence point. Will an increase in the window area be accompanied by 
a proportional increase in illumination? To answer this question, 
the square window will be employed in the test to avoid the conse- 
quences of utilizing windows with different proportions. 

Secondly, a comparison will be made between the vertical, the 
horizontal, and the square windows as to their influences on illumi- 
nation as they increase in area. Is there a limit after which a 
diminishing return occurs? 

Thirdly, to find out the resulting quality of light due to the 
condition observed in the first and second parts mentioned above. 

As formerly done, the B. R. S. Table for a C. I. E. overcast 
sky will be employed, and unlike the former study, the reference 
points were kept fixed in their positions throughout the test. Ac- 
cordingly, the reference points were located at distances of 5, 10, 
and 15 feet from the window, following the same conditions as in 
the previous study. Tables 20. through 22 show the results obtained 
from the different samples of windows. The conclusions that can be 
drawn are: 

a) For vertical windows, the distribution of light and its 
penetration are remarkably better than in the cases of square win- 
dows or the horizontal windows having the same area. See Figure 32 
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Window 


Sky Component 


Proportions of 


Dijnension~ 


at Distances from Window 


Distribution 


H x W ft.. 


5 ft.. 


10. ft. 


15 ft. 




4x3 


2.2 


0.34 


0. 116 


1:. 15:. 0.5 


3x4 
C3.46L 2 


1.6 


0,26 


Q.08 


Is. .16 j ,05 


1.84 


0.30 


0.093 


1:.16:.05 


Area - 12 ft 2 










5x3 


3 .,0. 


0...52 


0.173 


1:.17:.06 


3x5 

C387) 2 


1.8CL 


0..30 


Q.123 


1:.17:.07 


2,39 


0.396 


0.126 


1: .17:. 05 


A = 15 ft 2 










6x4 


4.50. 


0.98 


0.313 


Is. 22s. 07 


4x6 


3.10 


0.62 


0.215 


1:.20:.07 


(4..90) 2 


3,34 


0.756 


0.252 


1:.23:.08 


A = 24 ft 2 










7x4 


5. .20. 


1.30 


0.411 


Is. 25s. 08 


4x7 


3. .20 


0.70 


0.225 


1:.22: .07 


(5.29) 2 


4.45 


0.979 


0.30 


1:.22:.07 


A = 28 ft 2 










8x4 


5.80. 


1.60 


0.523 


1:. 28s. 09 


4x8 
C5.66) 2 
A = 32 ft 2 


3,30 


0.75 


0.252 


Is. 23s. 08 


4,915 


1.191 


0.372 


Is .24s.08 










9x5 


7,10 


2.20 


.812 


Is. 31s .11 


5x9 
C6..7D 


3.60 


1.20 


0.424 


1:.33:.12 


6,27 


1.72 


0.620 


Is. 27s. 10 


A = 45 ft 2 










10 x 5 


7.50 


2.60 


0.9.73 


Is. 35s .13 


5 x 10 


4.70 


1.30 


0.425 


1 : . 28 : . 09 


(7.07L 2 


6.719 


1.97 


0.681 


1 : . 29 : .10 


A = 5Q ft 2 










lo x a 


8 ..30. 


3,0. 


1.104 


1;.36:.13 


6. x IQ 


6,1Q 


1..8Q 


0..676 


l;,3Q;.ll 


C7,751 2 


7 .,525 


2.46 


0.926 


1;.33;.12 


A - 6Q ft 2 






* 




IQ x 7 


8.70 


3., 30 


1,358 


1;.38:,16 


7 x IQ 
L8,v37L 2 
A = 70. ftr 


7 V 3Q 


2,30 


0..921 


1;..32:.13 


8 .,185 


2.84 


1 .138 


1:..35;..14 
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Sky .Component distribution at 5, lQ f and 15 feet, due to variations 
in window proportions. 



TABLE 20 



Continued. 
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Continued ., 


TABLE 20 






Window 


SJcy Component 


Proportions of 


Dimension 


at Distances from Window 


Distribution 


H. x W ft.. 


5 ft. 


[ 10 ft.. 


15 ft. 




10. x 8 


9.. 10 


3,60 


1.251 


1:.40.:.14 


8 x 10. 
(.8 ..94 1 2 


8.60. 


2.90 


1.09 


1:.34:.13 


8. .755 


3.14 


1.30 


1:.36: .15 


A = 80. ft 2 










11 x 4 


7. .00 


2.50 


0.9.0 


1: .36:. 13 


4 x 11 
C6.63). 2 

A = 44 ft 2 


3. .30 


Q.90.5 


0,326 


1;.27:.10 


6.245 


1.52 


0,586 


1:.24:.09 










11 x 5 


7 ..90 


3.00 


1.138 


1:.38:.14 


5 x 11 
C7.421 2 


4,74 


1.35 


0.488 


1: .28:. 10 


7.022 


2.22 


0.756 


l:.32:.ll 


A = 55 ft 










12 x 6 


9..1Q 


3,80. 


1.60 


1:.42:.18 


6 x 12 
C8..491 2 
A = 72 ft 2 


6.18 


1.90 


0.75 


1:.31:.12 


8.35 


2.90 


1.19.1 


1:.35:.14 










12 x 7 


9.. 50. 


4,20 


1.81 


1:.44:.19 


7 x 12 
C9.17) 2 


7.38 


2,50. 


0.995 


1:.34:.12 


8.95 


3.42 


1.36 


1:.38:.15 


A = 84 ft 2 










12 x 8 


10.00 


4. 50 


1.99 


1:.45: .20 


8 x 12 
(9.8) 2 

A = 96 ft 2 


8.36 


3.10 


1.25 


1 : . 37 : .15 


9.62 


3,78 


1.60 


1:.39:.17 










12 x 9 


1Q..4Q 


4.80 


2.20 


1:..46:.21 


9. x 12 
C1Q..391 2 
A = 108 ft 2 


9.16 


3, 70 


1.6Q 


1:.40:.17 


a.. 743 


4.30 


1.84 


1:.44:..19 






J 




13 x 7 


&..80 


4.50. 


2.02 


1 ; .46.: . 21 


7 x 13 
©..541 2 


7. .42 


2„5Q. 


1..Q44 


1:.34:.14 


a.395 


3.60 


1.54 


1;.38:..16 


A = 91 ft Z 










13 x 8 


10...2Q 


4^9.0 


2,20 


1:..48:.22 


8x13 

. a.o.2.0) 2 


7. ,92 


3^15 


1..32 


1:..40:..17 


9L..736 


4.18 


1..78 


1?.43; .18 


A = 104 ft 2 / 


1 


1 





Sky ^Component distribution at 5, 10, and 15 feet, due t variations 
in window proportions. 

Continued. 
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Continued. 



TABLE 



20 



Window 


Skv rnmnnrifint 


Proportions of 
Distribution 


Dimension 
H x W ft.. 


St Dist 
5 ft. 


ances from 
10 ft. j 


Window 
15 ft. 


13 x 9 


10.. 80 

9,22 

10.135 


5.20. 


2.48 


1: .48:. 22 


9.x 13 

Cia.82i 2 

A = 117 ft2 


3.75 
4,60 


1.67 
2.04 


1:.41:.18 
1:.45:.20 


14 x 7 


10.. 00 


4. 80 
2.50 
3.84 


2.20 

1.167 

1.52 


1j.48s.22 


7 x 14 
(9-90). 2 J 
A = 98 ft 2 


7,48 
9.62 


1 :. 33:. 16 

1:.40:.16 


14 x 8 
8 x 14 
(10.58). 2 
A = 112 ft 


10.50 

8,48 

10,003 


5.2Q 

3 ,20. 
4.45 


2.44 

1.38 
1.97 


1:.5Q:.23 
1;.. 381.16 
1:,44:.20 


14 x 9 
9 x 14 
(.11,22) 2 
A = 126 ft 2 


11 . 10 

9.28 

10.544 


5.60. 
3.8a 
4.86 


2.72 

1.73 
2.25 


1:.50.:,23 
1:.41:.19 
Is. 46:. 21 


14 x 10. 
10 x 14 
(11.83! 2 
A = 140 ft 2 


11.40 

9,98 

10.847 


5.90. 
4,50 
5.. 04 


2.86 
2.08 
2.53 


1:.52:.25 
1:.45:.21 
1:.46:.23 


15 x 7 
7 x 15 
(.10.25) 2 

A = 105 ft 2 


1Q.2Q 

7,50 

9.845 


5,10. 
2.55 
4.225 


2.48 

1.177 

1.78 


1:.50:.24 
1:.34:.16 
1:.43:.18 


15 x 8 
8 x 15 
tt0„,95L 2 
A = 120. ft 2 


1Q.7Q 

8,5Q 

10,32 


5.6a 

3,25 
4,75 


2.72 
1.45 
2.11 


1:.52:.25 
1:.38:.17 
1: ,46:. 2Q 


15. x 10. 
la.x 15 

a2..25); 2 

A - 15£L ft 2 


11,70. 

iqjda 

11 ..17 


6.20 
4,55 
5,595 


3,21 
2.15 
2,72 


1:.53:..27 
1: ,46;, 22 
l;.,5a:,24 



Sky Component d is.tr ijxution at 5, 10, and 15 feet, due to variations 
tn wpndow proportions... 

Continued , 
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Continued., 


TABLE 


20 






Window 
Dimension 
H x W ft.. 


Sky Component 
at Distances from Window 
5 ft. 10 ft., j 15 ft.. 


Proportions of 
Distribution 


16. x 8 
8 x 16 
(.11 ..31). 2 
A = 128 ft 2 


10.86 

8.52 

10.656 


5. .80 

3.30 
4.9.15 


3.0 

1.52 
2.25 


Is .53:. 28 
1:,39:.18 
1:.46:,21 


16 x 9 

9 x 16 
0.2 ..00.) 2 
A = 144 ft 2 


11,40 


6.20 


3.28 

1.835 
2.60 


1:.54:.29 


9,32 
10. 94 


3.90. 

5.40 


1:.42:.20 
1:.49:.24 


16 x 10 
10 X 16 
U2.65) 2 
A = 160 ft 2 


11. 80 
1Q.,Q2 
11.38 


6.50 
4,60 
5.855 


3.49 

2,185 

2.84 


1:.55:.30 
1:.46:.22 
1:,51:.25 









Sky Component distribution at 5, 10, and 15 feet, due to variations 
in window proportions. 
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Window - l Proportion of Sky Component 
size at Distance. 5 ft, at Distance 10 ft. at Distance 15 ft. 

JJEEIGlJ v *H:S V:H:S 


4x3 
5x3 

6x4 


1;.73;,84 
1:..60:.80. 
1;.69:,74 


1:,76;..88 
1:.58;.75 
1;.63:.77 


1:.69:.80 
1:.71:.73 
1:.69:.81 


7x4 
8x4 


1:.62:,86 

1 • fiQ . QK 


1:.54:.75 - 

lj.47t.74 

ls.55j.78 


1:,55:..73 


9x5 


J- • - O:? S . OD 

1:,51;,88 


1: .48: .71 
1:.52:.76 


ia x 5 
10 x 6 
10. x 7 


It. .63? .90. 
1:,73;.91 
1:.84:.94 


1:.5Q;.76 
1 ; . 60 : . 82 
1:.70:.86 


1:.44:.70 
1:.61: .84 
1:.68: .84 


IQ x 8 
11 x 4 
11 x 5 


1:.95;..96 
1:.47;.89. 
1 : . 60 : . 89. 


1; .81: .87 
1:.36;.61 
1:.45:.74 


1: .87:1.04 

1:.36:.65 

1:.43:.66 


12 x 6 
12 x 7 
12 x 8 


1;.68:«92 
1;.78:.94 
1: ,84:. 96 


1:.50:.75 
1:.6Q:.81 
1:.69: .74 


Is. 47s. 74 

1:.55:.75 
1:.63:.80 


12 x 9, 


1:. 88;. 9.6 


1: .77: .90 
1:.56:,80. 
1:.64: .85 


1:.73:.84 


J.-3 X / 

13 x 8 


1: .76; .96 
1:.78:..95 


1:. S2i.76 

1:.60:.81 


13 x 9 

14 x 7 
14 x 8 


1:.85:.94 
1:.75:.95 
Is .81:. 95 


1;.72: .88 
1: .52:. 80 
Is. 62: .86 


1: .67:. 82 
1:. 53s. 69 
Is. 57:. 81 


14 x 9 

14 x 10. 

15 x 7 


1:.84;.95 
1:.88:.95 
1 : . 74 : ,97 


1:.68:,87 
1:.76:.85 
1:.50:.83 


1:. 64s. 83 

1:.73:.88 
ls.47t.72 


15 x 8 
15 x 10 
26.x 8 


1;.79.;,9j6 
1:..85;,95 
1;..78;^98 


1:,58;,85 
1;,73: .9.0. 
1;.57;,85 


Is. 53s. 78 

1 ; . 6.7 : . 85 
1:,51:.75 


16. x 9 
16. x 10. 


1;.82;^96 
1;..85.;..96 


1 ; ,63 ; .87 
1;, 71;. .9.0 


1;.,56.:.79 
1;.63:,81 


TABLE 21 









Comparison between the proportions of Sky Component distribution for 
horizontal and square windows relative, to the yertical window. 
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For Square 
Windows; 


Relative increase of S.C. with double 
increase in window area 


Average 
increase 


Area Increase 


At reference 
point 5 ft. 


At reference 
point 10 ft. 
from source 


At reference 
point 15 ft. 
from source 


, in % 
within 15 ft/ 


From 


To 


from source 


from source 


12 ft.. 


24 ft. 


81.52% 


152% 


170.97% 


134.51 


15 ft.. 


30 ft.. 


98 . 74% 


173.99% 


176.19% 


149.64 


24 ft. 


48 ft. 


98.65% 


143.39% 


159.52% 


133.85 


30 ft.. 


60 ft.. 


58.42% 


126.73% 


166.09% 


117.08 


44 ft. 


88 ft. 


47.32% 


132.89% 


152.56% 


110.92 


50 ft. 


100 ft. 


44.37% 


103.05% 


152.57% 


99 . 96 


55 ft.. 


110 ft. 


49.25% 


97.07% 


151.32% 


99.21 


60 ft. 


120 ft. 


37.14% . 


93.09% 


127.86% 


86.03 


70 ft. 


140 ft. 


32,52% 


77.46% 


122.32% 


77.43 


72 ft. 


144 ft. 


31.62% 


86.21% 


118.30% 


78.71 


80 ft. 


160 ft. 


29.98% 


86.46% 


118.46% 


78.30 











TABLE 22 



Relative increase of Sky Component with double increase in the areas of 
square windows for reference points 5, 10, and 15 feet away from the 
window corner.. 
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b) The rate of increase in illumination is not the same for all 

the reference points. The increase in illumination due to an increase 
in window area is greater the further the reference point is from the 
window. This means that 1) in days of overcast sky, the illumination 
from the windows does not follow the law of physics (that is, the in- 
verse square law of light) , 2) that the penetration of light is a- 
chieved by increasing the window height, as in Figure 32 , and 3) that 
there is a relationship between the room depth and the window height. 
Deep rooms should be provided with tall windows . 

c) Average percentage increase in illumination resulting from 
doubling the area of a window varies, and it is dependent upon the in- 
itial size of the window. For small windows of areas ranging from 

12 square foot to 50 square foot, doubling the area will increase the 
illumination to 100 percent or more. The rate declines beyond the 
50 square foot limit. See Table 22. 

d) In all cases, the remotest reference points (that is, 15 ft. 
from the window) receive more than 100 percent of the light with every 
double increase in window area. 



PART III 



INFLUENCE OF THE WINDOW SIZE, POSITION AND 
REVEAL SHAPE UPON THE LIGHT IN THE INTERIOR 

The purpose of this study is to determine the influence of the 
Window position, area and reveal shape on the quantity and distribution 
of light on the work plane. 

To simplify the problem, it is maintained that the window being 
tested is wether in the middle of or at one side of the exterior wall 
with, one of the following three types of reveal : 
a), straight reveal 

bl reveal bevelled to the exterior at 45 degrees 
c). reveal bevelled to the interior at 45 degrees. 
The research method involved constructing a model having a win- 
dow shape and position which can be adjusted within a short span of 
time, as natural light is variable. Furthermore, the experiment was 
conducted during a given period of time of the day with specific light- 
ing conditions, thus minimizing the number of variables. The experi- 
ment was repeated employing artificial lighting to see whether the dis- 
tribution of light would be the same or different. 

A model at a scale of 1:20 was constructed representing a room 
measuring 4. .00 meters in length, 3.50 meters in breadth, and 2.75 
meters in height. The long wall contained the window. 

Another factor taken into consideration was that the internal 
surfaces of the. room had a reflection factor of 65 percent to avoid 

over absorbtion of light, while at the same time permitting remote 
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areas, to receive light from interref lections , if the room surfaces 
were of a low- reflective material , areas beyond the direct light would 
not receive enough, light to energize the light meter and hence, the 
results, would not reflect the actual case. Also, to avoid the influ- 
ence of specularity, the room surfaces chosen were of a matt material. 
Light reflected from a specular surface to the light meter can cause 
misleading results since that light is directional and does not repre- 
sent the actual condition of light in the area being tested. Another 
consideration, was the influence of the ground in front of the window. 
The model was tested upon a surface having a reflection factor of 
23 percent, representing grass and tested again upon a surface having 
a reflectance of 55 percent representing concrete. 

The initial window size was 1.30. meters high and 1.20 meters 
wide.. The sill and window heights were maintained constant throughout 
the experiment. 

The thickness of the exterior wall was made equal to the common 
thickness of Q..29. meters of contemporary walls (one brick thick plus 
the internal and external coat) . 

In the experiment the window had two different settings, one 
located in the middle of the facade, the other at the right side of 
the room.. 

The floor of the room was divided into nine equal areas with 
two readings of the level of illumination in each, area: 
1L at the floor, and 
■ 2L on. the work, plane, 0..85 meters above the floor. 
Overcast skies were selected as the daylight source of illumina- 
tion for the following reasons: 
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lL Light reaching a, window is the sum of the direct light from 

the. sun, scattered light from the sky, and light reflected from exter- 
nal surfaces.. With, clear skies, the external surfaces reflecting 
light to the. window may receive direct sunlight on one occasion and 
indirect sunlight on another occasion. Furthermore, the rotation of 
the. earth, will affect the relative position of the sun which in turn, 
changes the. brightness distribution of the external environment. Ac- 
cordingly, the light reflected to the window will fluctuate continu- 
ously.. This, along with the possibility of cloud build-up or movement 
in the area of the experiment, would render the results useless. 

21 In the case of direct sunlight and its effect on the model, 
the. test might reflect the path, of the sun, rather than the quantity 
of light alone. 

Taking into consideration the above mentioned difficulties, 
days with totally overcast skies were selected for the experiment. 
The average level of illumination falling upon the window was about 
375 ft-c. Each time the available light was measured at the exterior 
as well as the. interior of the reference points. Thus, the results 
indicated in the accompanying data represent the ratio of light ad- 
mitted by a window, to the light falling on the exterior. 
i 

The model was. located on a plane having a height of 7.00 meters 
above tha street.. Time and orientation were maintained constant. The 
model was oriented so that the window faced Northeast. This not only 
permitted the reception of a relatively constant light during an ap- 
propriate interval of time, but also it avoided massive obstructions 
due to the location of the experiment on the second floor of the Fur- 



nes.s Building of the University of Pennsylvania. The buildings op- 
posite the model's window located at remote distances (as seen in 
Figure 41I had walls of dark red brick and dark slate roofs with a 
very low reflection factor. Owing to the great distance from the 
model (approximately 100. feet) , one can safely assume that they made 
no significant contribution to the illumination reaching the model. 

In. experimenting with, natural light, the time of measurement 
was from 12:30. P.M. to 4:30 P.M., local time, through the period of 
November 23, 1976. to January 15, 19.77. 

Experiments with, artificial lighting were done using fluores- 
cent luminaries arranged in pairs within a white enamel reflector. 
The lamps were located near the window to give 1000 ft-c. at all 
points of the window. The height of the window was equal to the dis- 
tance between the outsides of the pairs of lamps, and this dimension 
was kept constant throughout the experiment. This arrangement made 
it possible for that light to equal light coming from an infinite sky 
and permitted the remote parts of the room to receive direct light 
from the luminaries which was not the case when experimenting with 
daylight.. The. results duplicated those obtained under natural light- 
ing conditions hut at a lower intensity, because light from the lamp 
decreases sharply with- increased distances . 

The. light meter used was a color and cosine corrected light 
meter manufactured by General Electric U. S. A., which used selenium 
cell with, a specific filter mounted over the cell in order to pro- 
duce a sensitivity similar to that of the human eye. 
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Figure 35 



Model of the room showing the window with reveals 
bevelled to the exterior and positioned at one side 
of the side wall, 




Figure 36 



bevelled f * ™ f?** ^ WindOW Wlth reveal * 
ctrttrtV, ^ and P° sitio ^d in the 

n '"° f K the elevation (Window can be enlarged 
in width by sliding the two sides) . 
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Figure 37 Model of the room having a window with square reveals 
and located at one side of the side wall (Window re- 
veals are extended 0.12 Meters, heyond the, jgall thickness ] 




**-... 



Figure 38 View of the room showing the window with square reveals 
positioned at the center of the elevation and the 
simulated lawn. 
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Figure 39 Model showing the room with window having reveals bevelled to 
the interior. The light meter shown is a color and cosine 
corrected light meter from General Electric, U.S.A. 




Figure 40 Model of the room showing how the window with reveals bev- 
elled to the interior is centered and extended in width. 
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Figure 41 View of the environment as seen by the window of the 
model on an overcast sky day. 



UfiS^ 
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Figure 42 View of the environment facing the window of the model 
showing the pitched roofs of the opposite buildings at 
about 100 feet from the model. 
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The data obtained from the experiment, along with an analytical 

study of the findings, can be seen in Appendix IV. Conclusion: 

1) The findings show that the shape of the window reveal has a 
significant influence upon the distribution and quality of illumination 
admitted into the building. The external reveal is more efficient in 
this respect than the square reveal and internal reveal. 

2) It was observed that even on the most overcast days the lev- 
el of illumination was far higher than the universally accepted stan- 
dard of 500 ft-c. The general experience of the author in those Euro- 
pean situations where the skies are less bright was that this standard 
is minimal or perhaps substantial. The brighter skies in Philadelphia 
would permit a much higher standard as a basic requirement. However, 
it is not possible to determine precisely the illumination to be ex- 
pected in any given orientation since this is dependent upon the sun 
altitude which differs depending upon the time of day, the latitude, 
and the season. Accordingly, the lighting design for interiors has 

to take into account the variations in natural lighting throughout 
the day and throughout the year. 

3) The findings have demonstrated that the daylight illumina- 
tion at a reference point inside the room depends upon the luminosity 
of the area of the sky visible from that point. Based on the follow- 
ing observations : 

a) the illumination inside the room declines rapidly 
with increasing distance from the window, especially 
after the first meter of this distance. 



hi. the. impact of the light reflected from either 

the. lawn, or the concrete into the interior of the 

room is very small compared to the impact of the 

sky's illumination. 

cl although the area under the window sill is 

nearby, it is submerged in darkness because it is 

hidden from the sky. 

dl the. intensity of light is highest on the plane 

perpendicular to the center of the window at the 

level of the work plane and diminishes on either 

side. 

4). According to the findings described in number 3 above, the 
horisontal window, when tilted vertically, will produce better illum- 
ination.. For instance, because a window with an external bevel pro- 
vides a reference point with, a better view of the sky than if the re- 
veal is internally bevelled, this reference point should receive more 
illuminance value according to the findings. In my experiment, maxi- 
mum illuminance values were obtained when employing the external re- 
veal.. For example, a reference, point located at the center of the 
room at the work level received 5. .5 times more illuminance, when em- • 
ploying the external reveal than the internal reveal, in this exam- 
ple., the window, size was 1..3Q meters x 1.8Q meters Csee table 
With the. window occupying the total length, of the wall (.4.00 meters) 
the. reference, point received two and one third times more illuminance 
when, employing the. external reveal than if the reveal was internal. 
5L Another observation is that rooms having a window located 
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to one side of the center line of the exterior wall appear to be 

poorly lit because of the contrast produced between the areas remote 
fro, the window.. Even though the Urination in the remote areas may 
Be adeguate. for visual task perforce, aesthetic dissatisfaction may 
be experienced.. 

When the. window area is increased thus raising the illumination 
at the back, of the room, the illumination near the window also in- 
creases, however, the ratio between the lightest and darkest areas re- 
nins the same. Thus, it is recommended that additional natural light 
Ca secondary window or skylight) be provided in the remote areas of 
the room to brighten them without destroying the essential character 
and direction of the dominant source of light. 

61 Dr. Kleffner's theory that increasing the window areas does 
not produce a proportional increase in the illumination of the room, 
was found to be valid in only one special case, m the case of win- 
dows with exterior bevels, my experiments tend to confirm Dr. Kleff- 
ner's. conclusions, m the case of sguare and interior bevels, however, 
the increases vastly exceeded Dr. Kleffner's 59 percent increase with 
the. doubling of the window sizel, which in my studies showed respec- 
tively, increases of 10Q perce nt and 169 percent. The figures are 
deceptive, however. If w& applied ^ theory Qf Dr> ^^ ^ ^ 

examples, the window which, increased the brightness by 169 percent. 



London, S£ iTlT — t6CtS ^ ^^ L ° CkWOod ' — ^n Ltd., 



of the high percentage of increase in bright „ ess „ proportIon ^ ^ 
creased window size. I„ fact , the „ lndo „ „ ith ^ ^^ ^^ ^ 
doubled size increased the brightness by about 46 percent, actually pro- 
vided as „uch as 136 percent .ore brightness than that which increased 
the- brightness by leg percent Cthat is. the window with the internal 
reveaU. The reason is that the window with the external reveal is new 
being ccpared to the actual value cf the brightness of the window with 
internal reveal rather than to itself. 

71 Regardless of the location of the window, whether at the 
middle of the wall or at its side, the total guantitv of illuminance in 
the room does not change but its distribution which affects the ap- 
pearance of the room. 



APPENDIX I 



PSYCHOPHYSICAL. INFLUENCES OF NATURAL LIGHT 

The essential function of the eye. is its ability to see, and 
daylight makes this possible for the greater part of human activity. 
Human sight is adapted to the light spectrum transmitted by the atmo- 
sphere^ However, the adaptability of the eye is not absolute!. The 
sun's light, with, the addition of the scattered light from the sky, 
exceeds many times the. spectral sensitivity of the eye. The eye has 
different sensations to colors.. It is sensitive to green and yellow 
more than to blue or red 2 . Moreover, the retina itself is not uni- 
formly sensitive to lights The sensitivity at the periphery is 
greater than in the center 3 , thus wandering or fixation causes vari- 
ability in detection at each, light level. Accordingly, more light is 
needed in the fovea than in the adjacent areas if both lights are to 
appear equally bright. The light-adapted eye has its maximum sensi- 
tivity near 555 nm. (nanometer) , while the dark-adapted eye is sensi- 
tive to no more than 505 nm. - Accordingly, the green color of the 
spectrum (505 nm.) appears lighter when viewed with the dark-adapted 
eye, while yellow (555 nm.) appears to be brighter when viewed with 
the light-adapted eye . This is because the pigments in the cones 



*-R. G. Hopkinson, P. Petherbridge, I. Longmore: Day lighting , 
Heinemann, London, 1966, p. 1. 

o 

A Lloyd Kaufman: Sight and Mind , An Introduction to Perception , 

New York, Oxford University Press, London, Toronto, 1976, p. 84. 

3 Ibid. ; , p., 82.. 

4 Ibi.d.., p.. 85.. 

Slhid..., p.. 85. 
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and rods differ in their absorption to the wavelengths of light. A 

pigment is an absorbing substance, found in rods and cones which has 
selective, absorption to different wavelengths 6 , and those wavelengths 
that are- not absorbed are reflected back again to the eye ball. 

The rods (.each. 0-.05 millimeters in diameter) that are responsi- 
ble for vision in the dark are arranged in the retina so that the 
greater numbers of them are found as we leave the optic nerve' and 
their pigment is called rhodopsin: it is sometimes called visual pur- 
ple due to its purple color when it is in the dark. The rhodopsin 
absorbs more green than red or blue and this is the absorptive char- 
acteristic which accounts for the spectral sensitivity of the rods 8 . 
More absorption means bleaching of the rhodopsin until it becomes 
transparent and cannot absorb more light quanta 9 . This explains why 
the rods do not work in bright light. Rodopsin regenerates in the dark 
and regains its maximum sensitivity after thirty minutes 10 . This ex- 
plains why, when we enter a dark place, we cannot discriminate objects 
at once since the recovery of the rhodopsin takes place under weak 
bleaching light. If the light is neither weak nor strong, the regener- 
ation rate will be equal to the bleaching rate and will thus cancel 
each other 11 , a matter that affects the adaptation of the eye. 



6 Ibid., p. 86. 

7 I.E.S. : IES Lighting Handbook, First Edition, New York, 1947, 
pp.. 2-5^ 

Llokd Kaufman; Sight and Mind, An Introduction to Perception , 
New York, Oxford University Press, London-Toronto, 1974, p. 86. 

9 Ibid.., p.. 88. 
10 



Ibid. , ju 89.. 
1X Ibid., p. 89.. 
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The. cones (each, 0...32 millimeters in. diameter} , on the other hand, 

are. not sensitive to weak, light and they are excited only when each 
cone. absorbs ahout five light quanta against one quantum for a rod 
CBrudley 1960.1. Thus the sensitivity to light at 505 nm. for the dark- 
adapted eye. is about. 100. times the sensitivity to light at 555 nm. for 
the light-adapted eye 12 .. Since the cones are concentrated in the 
fovea, and these cones are responsible for color discrimination, we 
may conclude that the sensitivity of the eye to colors is directional.. 

Not all the cones are sensitive to all colors, but there are 
several different types of cone-receptors sensitive to certain colors; 
each has its own pigment 13 . While some cones are sensitive to red, 
cones sensitive to green or blue may be slightly affected if the eye 
is subjected to red light alone. The green receptors for instance, 
can be excited to a certain amount by red light, but not as much as by 
green light . Cones are the receptors that transmit color information 
to the brain by exciting different parts of the nervous system. Young 
postulated that there are three types of cones that are sensitive to 
red, green, and blue; all perceived colors are achieved by the activa- 
tion of the cones in different amounts. This idea is called the tri- 
chromaticity hypothesis 15 . 



12 Ibid., p. 90.. 
13 Ibid.., p. 96 v 
14 Ibid.., p.. 159, 
15 Tbid.. f pp.. 15.9, 16CL. 
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Some, people may have- only rods in their eyes. Since rods are 

more sensitive, to yellow than red, red objects will appear darker to 
them than yellow ones, and the red light will be confused with a dim 
yellow light. These kind of people are called monochromat, or more 
commonly known as color blind.. 

When one type of cone, is- missing in the eye, the other two 
types of receptors will absorb some of the wavelengths of the missing 
one, because all pigments absorb all wavelengths, but in different 
amounts.. The individual in this case matches any color with a mixture 
of two other wavelengths of color.. If the pigment that absorbs green 
light is missing, the person is called deuteranope, even though he can 
discriminate green from certain combinations of red and blue on the 
basis of hue alone 16 . 

People lacking one red light absorbing pigment are called pro- 
tanopes, and they cannot detect the difference in brightness between 
a bright red and green light. Such people are insensitive to deep 
red light, because the remaining pigments have weak absorptive quality 
to deep red. If the deep red light is to be detected by. a.protanope, 
the intensity of such light must be increased so as to bleach both 
the green and blue pigments 1 ''. 

Some people lack the blue light-absorbing pigment and are called 
tritanopia. In fact, in most people the blue light-absorbing pigments 
are few, and the blue light is confused with greens, whites and yellows 
which, creates insensitivity to blue light (Willmer 1946 and Stiles 



16 
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Ibid., pp. 176-177. 
Ibid., p. 177. 
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-1949.L ., The. lens, and the part containing the fovea, which is yel- 
lowish., in. color , absorbs great guanta of blues . This explains why in 
an. old eye, when the. lens becomes yellow, the blue is hardly detected. 
Adding to these the. relatively low absorption of the blue pigment to 
the different wavelengths, when compared to the absorption of the 
green or red pigments, we can understand why the eye finds it diffi- 
cult to discriminate blue light 1 ^. 

The spectrum of light reflected by a grey patch to the eye 
appears grey, but %f this patch is surrounded by a red color, it ap- 
pears greenish. The reason for this is that the response produced 
by red at a point in the retina inhibits the activity of red in an- 
other part of the retina. When the red wavelength is removed from a 
white light, the result is green light, as the effect of the green 
light is not affected by the absence of the red light. Blue and yel- 
low light cancel each other because they compliment each other, and 
thus the mixture will look like green even though the other wave- 
lengths are still present 2 ^.. 

The appearance of colors are greatly influenced by the lumi- 
nance of the surroundings. If an orange patch is surrounded by a 
white field of high luminance, the orange patch will appear brown. 
If "the luminance of the surroundings is reduced, the orange color will 
appear lighter. This is attributed to the lateral inhibition which 



^Ihid.,, p.. 181,. 

+-?Kaufman; Sight and Mind , p.. 191. 
20 



Ibid., p. 191. 
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produces this, effect.. With, excessive, brightness of the surroundings 

the. effect of the. patch on the central nervous system is reduced . 
This means that, chromatic mechanisms are inhibited by luminosity 
mechanisms 21 . This can be interpreted in another way: when white 
light of high, luminance enters the eye, some light is reflected into 
the. eyeball, and this interref lection may influence the sensitivity 
of the eye to the patch.. Accordingly, a white light surrounded by 
a white, light which, is higher in luminance will appear darker than 
if left alone, and vice versa. Since the two lights appear differ- 
ently, there must appear a border hetween the two lights. If the 
two lights are of the same color, the boarder will not be easily de- 
fined, since the sensitivity of the eye is the same to both colors, 
hut if the two lights are different in colors, the border will be 
perceptible. In this case, contrast can be observed, and this chro- 
matic contrast enhances the effect of existing luminance contrast. 
The brightness differences might give rise to a perception of depth. 
Ittleson (1960) found that if two bright objects are viewed in a dark 
place, the brighter one will be perceived as nearer than the dimmer 
one 22 . Shades and tints of colors are also produced by contrast. 
An isolated object may change its brightness with the change of its 
luminance, but it should be viewed against a background light if it is 
to appear white or grey. We may conclude that the presence of black 
in a dominant field of white light increases the illumination, and 



"TCaufman, Sight and Mind , p.. 19.8. 
22 Ibid.., p.. 224.. 
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the luminance, has. a remarkable effect upon contrast sensitivity. 
Since, such, properties: are. perceived by the eye, it will be safe to 
indicate that the presence of different levels of illuminations and 
colors in the field of view increases acuity. Kaneko and Obonai 
(1957 L proved that the absolute threshold of the light stimulus is 
increased with the presence of another light stimulus in another part 
of the visual field. This overestimation of light results from the 
fact that when, a light stimulates one part of the retina, the retina 
cerebral nerve system is activated in the areas surrounding the sti- 
mulated part; this gives rise to perceptual properties . 

The brightness of an object is dependent upon its surface re- 
flectance, rather than upon illumination. The percentage of the 
light a surface reflects is its albedo . The texture of the surface 
determines its albedo, which is a physical property not available to 
perception. Helmholtz (1924) suggested that an observer can deter- 
mine the reflectance of an object by comparing the illumination 
falling on the object with that reflected by it 25 . This may explain 
why a white piece of paper appears white under different levels of 
illuminations, in spite of the fact that light entering the eye in 
each case is different in intensity. If the objects are to be seen 
easier by comparison, rather than by illumination, we can advance the 



Toao Obonai: The Concept of Psycho-Physiological Induction , A 
Review of Experimental Work , Psychologia, 1957, p. 7. 

24 Julian E. Hochberg: Perception , Copyright 1964 by Prentice- 
Hall,. Inc., Englewood Cliff, N.J.., p^ 51 » 

' Kaufman: Sight and Mind, 1974, p. 129. 
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idea that .the. visual field qf tha individual increases with time and 

space % Experience, learning, and culture must have their important 
weights in this, respect. What we see is. dependent upon our ability to 
contain, the. various cues in the surroundings and our speed in resolv- 
ing them* Otherwise, discrimination between contours will be impos- 
sible... If it is unlikely that the visual field of the unexperienced 
eye is to be empty in the presence of the stimulus, we may suggest 
that the mind will exaggerate the sizes of the resolved objects in 
Such, a way as to fill the visual field. The periphery of such a 
field being neither resolved nor understood would appear hostile to 
the eye if it is to be the dominant factor in the field of view. Dis- 
tal objects, if not containing complex cues to the eye, will be' 
brought to the big picture. This may explain why a little child tries 
to catch the moon when he looks at it 26 . Wickens and Meyer have shown 
that the image modifies in its travel through the two visual nerves 
and through the many synaptic stations between the eye and cortex. 
According to them, what really reaches the cortex from a viewed ob- 
ject is just a small part of it, and this part does not correspond to 
the reality of the thing, but it is zoomed inward in a distorted 
manner and shape. They illustrated it, showing that what actually 
reaches the cortex, when the eye looks at a human's face, looks like 
two cones with a black dot on each base 27 . 



Salter Gropius; Scope of Total Architecture , Collier Books, 
19.74, p v 33.. 

27 

Delos D. Wickens, Donald R. Meyer: Psychology , The Dryden 

Press, Publishers, New York, July 1955, pp. 469-471. 
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Pia,get'-s theory (19611 of Relative Centrations postulates that 

the phenomenal size- of an object, with reference to an external sti- 
mulus, is a direct function of the number of times it is centrated 
by the sensory mechanism 2 **.. 

Wolfgang Kohler C1965). has reached a conclusion that equal dis- 
tances and areas on the retina are not represented as equal distances 
and areas in the visual cortex 29 .. According to Brown C19.53) , the 
visually enlarged object is not complete in the cortex30. Historical 
evidence has shown that, geometrical discrepancies between retinal 
sizes or shapes and their representation in the cortex can be pre- 
sented in many parts of the field without the observer being aware 
of any distortion either in size or shape 31 . 

The pupil of the eye. responds to various light intensities; 
it contracts with increase in the intensity of light, and dilates 
when light fades down. This is the case when the level of illumina- 
tion is stable, but the pupillary reflex to an increase in light is 
bidirectional, consisting of contraction followed by redilation. 
Lowenstein and Loewenfeld (1962) , have shown that this happens in 
repeated phases and in short durations. The initial contraction be- 
gins with a latency of about 0.2 seconds, comprises a rapid primary 
contraction phase of about 0.6 seconds duration, and is followed by a 
secondary contraction with a slower duration of about 0.3 seconds. 



28Daniel Landis. and Sylvia Harrison: Psychological Record , p. 77. 

Wolfgang Kohler; Unsolved Problems in the Field of Figural 
After-Effects , Psychological Record, 19.65, p. 72. 
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Ibid.., p.. 72.. 
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The. opposite, happens in. the. case of redilation? it is first rapid and 

then its speed diminishes.. When the. light stimulus is brief, such as 
when. we. glance at a window or when a glittering object crosses the 
Visual field, this- redilation restores the initial pupil size. If 
the increase in illumination is prolonged, the diameter of the pupil 
will be. midway between, the. initial diameter and the pupil ' s extreme 
contraction. This happens to both eyes regardless as to which is 
stimulated.. Though this reflex displays a general form, it is con- 
ditioned by the state of the observer because parasympathetic nerves 
originating in the Edingerwestphal nucleus are responsible for the 
action of the pupil . 

According to Loewenfeld (1966) , all sensory stimuli dilate 
the. pupil and only light can contract it. Also, Hess, et al (1965), 
reported that contraction responses are only due to visual stimuli . 
Sokolov (19631, indicated that on rare occasions, the pupil will di- 
late due to a sudden increase in illumination beyond the limit of 
normal light reflex 34 . 

Since the primary function of the pupil is to regulate the 
amount of light entering the eye, then it may be concluded that vari- 
ous humoral factors may exert inhibitory actions upon acuity. Wood- 
mansee (1966) suggested a solution to this problem by keeping away 
from an object for at least three meters to minimize the difficulty 



32 Brian C. Goldwater: Psychological Significance of Pupillary 
Movements , Psychological Bulletin, May 1972 Vol. 77, No. 5, pp. 340- 
355... 
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to maintain focus on the stimulus. .. 



Holmes.: (15671 found that subjects who respond faster to light 
reflex are more aware of the contingencies in verbal conditioning 

tasks 36 • 

Since the diameter of the pupil ranges from 1.5 to 9 milli- 
meters, and the emotional factors condition the dilation in the pres- 
ence of light stimulus, then the best solution is to increase the 
level of illumination and to enhance contrast beyond the calculated 
standards so as to increase the ability of the pupil to constrict. 
This will result in a better seeing condition, because the focus and 
acuity will be improved simultaneously. 

It is obvious that dilation increases with the increase in the 
excitation of the parasympathetic nerves which originate in the 
superior sympathetic ganglion (Edingerwestphal nucleus) ; thus we 
may suggest that the action of dilation is a result of nerve activi- 
ty and after a period of time, leads to a condition of fatigue. 
This may explain the reason why the efficiency of performance under 
red light is greater than under green light 37 . Accordingly, white 
light is the recommended light for prolonged task performance more 
than colored light. The environment in which the pupil is constricted 
most of the time is the most favorable one for production with lesser 



35 Ibid. f p. 343. 

36 Thid.. f p.. 348.. 

37 A. T. Pof f enberger ; Principles of Applied Psychology , D. Ap- 
pleton-Century Company Inc., New York, London, 1942, p. 155. 
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rate of fatigue. This can only be achieved by increasing the light 

intensity, and By minimizing the. chance of the subject shifting his 
eyes to dimmer areas.. This will lead to the. assumption that shifting 
the eye to more illuminated areas while doing a task will be benefi- 
cial to the overall conditions for viewing and for visual comfort. 
This assumption may need support, but Arthur A. Eastman (.1968) has 
reported that the visibility of a disc lighter than its background is 
less than if the disc were darker 38 . He arrived at the conclusion 
that dark on light targets is more visible than light on dark tar- 
gets with the same contrast value, with the condition that the con- 
trast value must he very low. Hopkinson has indicated that glare 
discomfort is improved when the surroundings are bright39. He also 
stated that Some brilliance may be appreciated when it is not in ex- 
cess and that uniformity of light may lead to fatigue and unpleas- 
antness 4 . 

Pleasantness in an illuminated environment is governed by the 
relationship between the luminances rather than by their lighting 
quantities. The prolonged presence of a bright source of light in 
the field of vision will cause the light reaching the eye to scatter 
inside the eye ball which will result in a reduction of the sensiti- 
vity of the eye to contrast. When a very bright source is in a 
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field of lpw luminace., the. eye; will . find it difficult to discrimi- 
nate, objects in that field.. This may be compensated for by increasing 
the. luminance of the field. However, the luminance of that field, if 
increased beyond the adaptation limit of the eye, will result in dis- 
comfort glare.. Discomfort glare may also be due to a very high con- 
trast in the absence of luminance.. 

T. Obonai (1957). stated that the areas surrounding the stimu- 
lated part of the retina change their excitability when a light sti- 
mulates a part of the retina. This causes underestimation of per- 
ceptual properties such as sensitivity, brightness, color, spatial 
extent, etc., just after the cessation of stimulation. Gradually, 
with time, a process of overestimation occurs. It is only in areas 
remote from the stimulated part of the retina that underestimation 
occurs and becomes weaker with time 41 . Kaneko and Obonai proved that 
the presence of another light in the visual field raises the absolute 
threshold of the stimulus because the influence of the former works 
on the latter inhibitorily 42 . 

K. Motobawa and M. Akita (.1957) proved that electrical excita- 
bility of the retina undergoes changes when colored light is used for 
illumination. It rises to reach the maximum characteristics of the 
specific wavelength within a few seconds. For red light it reaches 
its maximum in one second; for yellow, 1.5 seconds; for green, two 
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seconds.; and for. Blue, light it is. three seconds. This is a character- 
istic q£ the receptors: in the. retina and is not dependent on intensity, 
duration of the colored light, or on the area illuminated in the ret- 
ina.. When a colored light illuminates a certain area in the retina, a 
complementary color is formed around this area 43 . 

However, colored lights have different effects on man. They may 
induce indifference, melancholy, or may have a sedative effect and 
cause contemplation in him. Exciting colors are red, orange, yellow, 
and purple. The soothing colors include green, blue, indigo, and vio- 
let; pleasing colors include green, purple, and blue. 

Commonly, red is associated with anger, warmth, and courage; 
blue with calmness; purple with stability and pomp. Yellow is associ- 
ated with gaiety and warmth, and greenish-yellow, cowardness and dis- 
ease. 

The lighter or more saturated the color is , the more it con- 
notes happiness and warmth. The darker and more saturated the color 
is, the more it connotes forcefulness. Greater brightness and greater 
saturation produce pleasantness, showiness, while greater saturation 
alone induces elegance. Hue is associated with excitment and ele- 



gance 



44 



Although there is a general agreement that colors toward the 
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red end of the. spectrum appear to. be nearer, and that colors toward the 

Blue, end appear to be. farther away, experiments did not give evidence 
to such, hypothesis , and the results were that colors in themselves do 
not have the quality of depth 45 . However, artists have succeeded in 
their suggestion of the effect of color as indicative of distance. 
Accordingly, the responses of their students may be conditioned. 

After experiments conducted by C. E. Ferree and G. Rand (1919) 
on the eye using different illuminants, it was found that when reading 
under different colored lights, the fatiguing effects and feelings of 
discomfort appeared to be dependent upon the characteristics of the 
specific wavelength 46 . For instance, a feeling of discomfort under 
unsaturated yellow light appeared after 116 seconds with a loss of ef- 
ficiency of 5.43 percent. For reddish-yellow, the loss of efficiency 
was 7.57 percent, and the feeling of discomfort occured after 94 sec- 
onds. Reading under unsaturated yellow light with green added caused 
the fatiguing effect to appear after 48 seconds, and it is accompanied 
by a loss of efficiency of 24 percent. For greenish light it was 
39.14 percent within 25 seconds, and for bluish-green it was 54.86 
percent in just 14 seconds. 

With regard to the effect of colored light on acuity, it was 
found that the colors toward the red end of the spectrum are more 
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favorable, to acuity than green.. The values of red are from 20 percent 

to 50 percent above that of green .. The values for blue are similar to 
green, But somewhat lower 47 . 

Sensations of color have intensity, saturation, and tonality. 
The intensity depends upon the quality of light. Saturation depends 
upon the relative purity of colors. Degrees of saturation are known as 
shades, and these shades can give rise to the sensation of depth. 
Tonality is the quality of the color on the scale of the spectrum. 

Color contrast of more than 0.65 is of little importance to 
visibility regardless of the condition of colors. For instance, visi- 
bility of red on a neutral background is higher at a contrast of up to 
0.15, while for green or blue, 0.30 contrast gives maximum visibility. 
For yellow, 0.10 contrast gives a high visibility level. Values of 
contrast above these ratios reduce the visibility of color contrast by 
less than 5 percent depending upon the color of the background. With 
a red background, all colors increase in visibility, more than when 
the background is grey, and the reduction of visibility due to an in- 
crease of contrast more than 0.50 will be about 2 percent. When the 
red background is replaced- by yellow, the visibility levels of all col- 
ors varies less than 2 percent from the visibility of those on a neu- 
tral background when the contrast is about 0.40. When the color is 
lighter than its background, the. visibility level becomes less than 
when, the color is darker than the background 48 , when the background 



47 



Ibid.., p.. 155 

48 * 

Arthur A v Eastman; Color Contrast vs. Luminance Contrast , 

Illumination Engineering Society, December 1968, pp. 617-618. 



228 



49 
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Color of light Has an. effect on the. appearance of the object 
because differences, in the spectral energy of light do not appear as 
differences in the color of light, hut of the object itself. Every 
object reflects wavelengths with different proportions. If the light 
falling on the. object is rich in the wavelength that the object also 
reflects more, of, the object will appear to be more intense than the 
reverse, that is, when the wavelength is not rich in the wavelength 
reflected by the object, the appearance of the object is less intense. 
Also, the level of illumination contributes to the degree of such in- 
tensity 50 . It is clear then, that light is modified before it reaches 
the eye. For example, on a day with a clear blue sky and in a room 
with a window facing a park, the light reaching an observer in the 
room is not that of daylight, but it is a mixture of colors that are 
reflected from the park, from the furnishings, and from the boundaries 
of the room. Some of the wavelengths may decay, while others are in- 
tensified according to -the reflectivity of the objects and the sur- 
roundings, and according to the composition of light when it first 
fell on the object. 

The color of objects as perceived are not only due to their re- 
flective characteristics, as described above, but also due to their 
texture and surface finish-. If the surface of the object is smooth, 
the reflection, from such, a surface, may wipe, out all colors, when viewed 
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from a certain angle, and increase or darken the perceived colors when 

viewed from other angles.. 

The object appears natural only when its surface diffuses light 
in all directions* According to B.. Judd and A. Eastman (1971) , the 
color distribution of the image of the ohject in the retina differs 
from the spectral distribution as reflected from the object. They re- 
late these attributes to the chromatic aberration 51 . They also showed 
that the addition of an. external chromatic component may reduce the 
visibility level rather than 'increasing it. Chromatic aberration oc- 
curs because the eye's lens focuses each wavelength in different 
planes parallel to the retina.. For instance, the eye has a longer fo- 
§al length for red light than for blue light. In this case, the red 
will be focused in the retina, while the blue is cast as a blurred 
circle surrounding the red, when the image is formed on the retina. 
On the other hand, if the image is formed behind the retina, the blue 
will be in focus while the red will appear blurred with the blue in 
the center. Astigmatism may also contribute to the blurring of colors 
depending on the degree of distortion of the surface of the cornea and 
its shape. Still, Beck pointed out that accommodation could cause a- 
stigmatism for the nearer distant even if it could not be detected in 
the relaxed eye 52 . Campbell and Westheimer (1959) suggested that such 
ehromatic aberration might be used by the observer as an information 
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code for depth perception . Kaufman (1974) stated that the iris 

constricts to reduce the bundle of light entering the eye to reduce the 

sizes of the blurred colors, and he related this to the activity of the 

cerebral cortex 

Eriksen and Halee (1955) have shown that color alone is not 
sufficient to give information to the observer, but color and shape can 
give information better and faster than color alone, if the light is 
intense . On the other hand, Smith and Thomas (1964) postulated that 
color is superior to shape at relatively lower levels 56 . Both of these 
results were obtained from unstructured field experiments. Structuring 
the field may give different data according to the knowledge of the 
subject about the object. For instance, when we have knowledge about 
an object, any faint light can reveal it at once regardless of its 
color. 

As colors become more and more distant they lose their intensity 
and appear bluish because the molecules suspended in the atmosphere in- 
hibit the necessary amount of light reaching the eye. With distance, 
colors lose also contrast and accordingly their contours disappear, and 
hence they give no cues. 

Adaptation of the eye to colors is a natural process which oc- 

l 

curs though not noticed in our daily experience. If the retina is sub- 
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jected to a color for a prolonged time, the color gradually tends to 

appear to be grey. The explanation for this phenomenon lies in the 
arousal of the antagonitic process involved in the maintenance of 
retinal experiences 

The visual systems of people in different coutries are identi- 
cal, but because ultraviolet radiation differs from location to loca- 
tion according to the altitude, increasing with altitude and with 
proximity to the equator, this excess in ultraviolet radiation causes 
an increase in the density of the yellow pigmentation at the cornea, 
the lens, the pigment epithelium, and at the maculalutea. This yel- 
low pigment absorbs the short-wavelength radiation before it reaches 
the eye, and this results in a decrease in the spectral sensitivity 
of the eye to those wavelengths. This in turn, causes confusion of 
short-wavelength stimuli in color matching and color naming, and in 
rare cases, it decreases visual acuity. As a result, people confuse 
blue with green, or the reverse, or blue and green as being darker, 
or in extreme cases as being black, depending upon the interrelated 
factors. This case is mostly serious among the darkly pigmented peo- 
ples who confuse a great number of terms in more inclusive identities 58 . 
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BIOLOGICAL EFFECTS OF NATURAL LIGHT 

Natural light produces many biological effects on man due to 
its photic energy and cyclic changes. The daily cycle of day and 
night serve to organize and control the functions of the body, and 
the photic energy of natural light has an important input on man's 
health and energy. The evidence is overwhelming that we should bend 
every effort to admit natural light to our buildings, controlling it 
according to the body's capacity for adaptation and its physiological 
needs. The supporting evidence comes from the experiments and con- 
clusions of the widest range of scientists, among whom are: 

Dr. R. Wartman suggested that the spectra of light 
might influence the determination of sex, tumor de- 
velopment, general health, rate of aging, and var- 
ious physiological and psychological functions 1 . 

Finsen found that the hemoglobin of people in winter 
was less than in summer due to the decline of the 
quantity of light and its ultraviolet component 2 . 

Dr. Randot (1963) showed that the human organism is 
more active in" strong daylight due to the change in 
the number of white blood cells 3 . Also, experiments 
of Oerum, Graffenberger , Marti, and Finsen showed 
that strong daylight increased the quantity of blood 
in the body"*. 

Dr. Pittendrigh proved that daylight is a very im- 
portant factor in the regulation of the vital bio- 
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chemical actions in people by activating the genes 
that are responsible for the production of enzymes 5 . 

Dr. Ott stated that the amount of ultraviolet vis- 
ible and infrared radiation influence the biological 
functions in living things^. 

Dr. Hardy stated that people pay a penalty for op- 
erating continuously outside the optimum range of 
natural light, and this penalty is the speeding of 
the aging process, which at the end, leads to a 
premature death. He showed through clinical evi- 
dence, the breakdown of tissues, capillary ruptures, 
impairment of circulation, kidney and heart muscle 
deterioration, and hyproxia 7 . 

Dr. Dykman decided that a level of 2500 foot candles 
is the hygienic lighting level, and he demanded that 
light be more than that 8 . 

Dr. Sheard postulated that with normal vision, the 
eye consumes 25 percent of the caloric intake in 
the process of seeing when illumination is suffi- 
cient. Any departure from sufficient light will 
result in great loss in the amount of calories 
needed for other bodily functions, and this will 
accelerate fatigue and subject the person to er- 
rors and accidents 9 . Henry L. Logan suggested 
that optimum daylight helps to eliminate phantom 
visual cues and reduces internal conflict, and 
provides a wealth of information, which is an im- 
portant ecological factor in man's optimum environ- 
ment 10 . 
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Dr. Ott (1965) , based on experiments on the effect 
of wavelengths of light on physiological functions 
of plants and animals, suggested that the responses 
of the chloroplasts and pigment granules may be 
tuned to the natural light spectrum and that the 
intensity of the ultraviolet range is critical in 
the control of hormonal balance or body chemistry 1 !. 

Dantsig reported a reduction in respiratory disease 
among 5000 school children after exposure to day- 
light . Zankova showed that improvement of re- 
sponses to visual and auditory stimuli and resist- 
ance to fatigue was evident in children who were 
allowed to receive the daily natural light more 
than those who were denied it 1 -^. 

Neer, at the Massachusetts General Hospital, re- 
ported that rickets could be related to the inter- 
ior lighting environment. Looms also stated that 
rickets is a sunlight deficiency disease rather 
than a nutritional disease 14 . 

Brownfield (1964) indicated that man requires not 
only stimulation, but also a variable and a con- 
tinuous sensory input for the maintenance of nor- 
mal adaptive behavior. Also, Scott, Bexton, Heron, 
and Doane (1959) confirmed the occurrence of hallu- 
cination under exposure to a prolonged period of 
reduced stimulation and decreased variation in the 
sensory environment, as was also suggested by Hebb 
(1949) ^. Thus the movement of the clouds, the 
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changing light of the day, and the condition of 
light in different days and seasons of the year 
are not only important for vision, but also for 
mental health and normal intelligent behavior. 
In this respect, Luckiesh said, 

"Only by a blinding prejudice of an in- 
excusable egoism can man ignore the over- 
powering influence of sunlight and sky- 
light". 16 
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APPENDIX III 



REFLECTIONS UPON THE INFLUE NCE 

' ' ' ' ' " — ' — ' 

OF NATURAL LIGHT ON SPATIAL PATTERNS 

Most of the material in this part is derived from observations 
and analyses of buildings from different periods. Unless otherwise 
indicated, the tentative conclusions are reached by the author, and 
hence, represent his point of view. 

Artificial environments are created to provide shelter and pro- 
tection from the unfavorable environmental forces that exert an influ- 
ence upon the activity of man and his production-. 

When man first decided to build a shelter for himself and his 
family, neither the idea of a window nor the need for its presence 
came to his mind. The reason is that his first building materials, 
wood or reeds, permitted daylight to penetrate through the cracks be- 
tween the building materials and through the entrance door, which was 
usually loosely covered with an animal skin. The conical form of 
shelter was his natural way of construction as the materials lent 
themselves to a system of tying the branches or reeds together at the 
top. 

The skylight originated before the window, not because of the 
need for light, but as a solution to the necessity to release the 
smoke from the fire used for cooking or heating the enclosure. Hence 
openings in the earliest phase of human existence were intended for 



3. B« Ferree: Primitive Architecture (S.N.), N.Y. 1890, p. 149, 
See also Ellsworth Huntington and S. W. Cushing: Principles of Human 
Geography , Ed 3, N.Y., Willey 1920-24, p. 16. 

237 



238 
circulation of air rather than for lighting per se. 

Since cutting holes in the boundary walls would affect the sta- 
bility of the construction, especially when it was made from earthy 
materials, the logical structural location of windows was probably in 
the upper part of the walls under the roof. 

The quantity of light in the interior, then as now, was depen- 
dent upon the conditions of natural light and the size of the opening. 
These were controlled according to the functions required in the in- 
terior. For instance, in the ancient Egyptian architecture of temples, 
planning for the reduction of the amount of light was of vital neces- 
sity for the religious reasons of giving the place an air of mystery 
and gloom, as in the temples of Madinet Habu, where the windows were 
arranged in small slits. When light was needed to illuminate the core 
of the temple, as in the case of Karnak (1530-323 B.C.), the hypostyle 
hall was constructed with a clearestory so as to permit light to pene- 
trate through pierced stone grills. In the temple of khons at Karnak 
(1198 B.C.), in a room east of the sanctuary, they introduced light 
through holes cut in the roof to dramatize the appearance of the statue 
of their god when viewed through a slit cut in the east wall of the 
sanctuary . 

Another method of controlling natural light in temples is found 
in the temple of Hator (110 B.C.) and also in the temple of Hons. 
There in the portico, they erected screen partitions between the col- 
umns which were high enough to prevent veiling reflections from the 
arid desert while, at the same time, permitting skylight to pass 
freely over them. 

In classical Greece, they devised a method to admit light in 






J 



239 
accordance with the gradual distribution of natural light from the 

zenith to the horizon, by making the window narrower at the top than at 

2 

the bottom . 

In houses of the Hellenistic period, an open court served to 
illuminate the rooms arranged around it, while at the same time, pro- 
viding shade within the court 3 . This introverted type is still in use 
in the Middle Eastern rural houses where street facades are provided 
with lattice work (mashrabiyehs) to shield the interior from sunlight 
without loss of privacy. 

The vast vaults of the Romans received their light directly from 
the sky through segmental and semicircular headed windows located under 
the arches formed by the vaults, as seen in the Basillica of Maxentius 
(C. 300) or in the octagonal drum carrying the dome in S. Vitale at 
Ravenna (C. 567). The intention of the designers apparently was two- 
fold, to provide their building with ample daylight, and to achieve 
aesthetic perfection by creating a well-lighted dominant central space, 
thus creating a focus of interest, and surrounding this by an ambula- 
tory having subdued light to contrast the light in the central space. 

In the spaces of early Byzantine buildings, such as that seen 
in Qasr Ibn Wardan, light was introduced through tiers of windows 
filled with thin perforated translucent marble or alabaster to cut the 
intensity of the brilliant sunshine. 
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In the massive architecture of the Romanesque period, light was 

introduced through windows with receding sides and hence, helped to 
capture the maximum amount of light and to direct it to the interior. 
Light was also introduced to the nave through lunettes as seen in 
Durham Cathedral (1093 A.D.). These lunettes illuminated the cross- 
vaults and created different grades of lighting intensities, due to 
the shape of the crossvaults themselves, and their reaction to the 
incident light from the lunettes. This rhythm of light gave the place 

a dynamic quality and a restless allure. To enrich the quality of the 

... . 

light still more, a rose window pierced the west wall of the nave. 

Because the intensity of daylight in western Europe is low and 
grey in color, the builders of the Medieval Cathedrals enlarged the 
windows to increase the illumination in the interior and filled them 
with stained glass to convert the grey light into colored light. 

In Italy, because of the high intensity of light and also to 
give protection against the sun, the windows in the Gothic period re- 
mained smaller than in the north, as seen for example, in Santa Maria 
Donnaregina (1307) , Santa Maria - Paira del. Carmini (1370) , and Santi 
Giovanni e Paolo. When Gothic windows were used without consideration 
being given to natural light, they were either filled in with building 
materials, as happened at Segovia and Seville in Spain, or the quality 
of the stained glass itself changed, as happened in America. When the 
Americans began to use the stained glass windows to illuminate the in- 
terior of buildings, they found that the mixture of pure colors that 
resulted was not the same as in Europe. This was because the light 
penetrating the antique glass is excessively intense for the thickness 
of that glass. In an attempt to obscure the light, they introduced 



what is called opalescent glass 4 . The resu lt was fairly good and a''' 
soft color could be obtained, but in overcast sky conditions, the in- 
terior appeared dull. To solve this probleni/ ^ ^.^ ^ ^ ^_ 
range the plates so as to create tones which enhance the value of 
light by benefiting from the radiation of certain transparent colors. 
Another solution found was the painting of antique stained glass not ' 
in tones or .asses, but rather in spots or lines to gain vitality in 
deptt and richness of color, as well as an atmosphere of intensified 
light 5 . However, this was only valid within a reasonable range of 
light. 

in France and England the light is not as intense as in 
southern Europe. Because medieval stained glass varied in the thick- 
ness, it produced colored light with varied luster, creating a more 
tolerable,, interesting, and even delightful environment there. 

With the invention of printing during the Renaissance period, 
and with the increasing number of people using their eyes for reading 
and writing, it became necessary to increase the amount of light neces- 
sary for the task. Thus we see in the Renaissance period that the 
residential windows increased in size, and the interiors became light- 
er. Albert! adopted the corpuscular theory of light and disregarded 
both the Pythagorians and Platonists 6 . Th e result was an architecture 
depending on its lighting upon direct lines from the sky to the task. 
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Windows took rectangular shapes with emphasis on the patch of sky seen 

from the interior. We can see the reflection of this in Alberti's Pa- 
lazzo Rucellai (1446) in Florence. There the windows were rectangular 
and tall. In the ground floor, windows were located near the ceiling 
to serve two purposes, to admit light from the sky, and for defense 
purposes. He depended on the hinged wooden shutters to control light 
and protect the interior from it on sunny days. 

Unlike Alberti's, Palladio's buildings usually relied on light 
reflected from different surfaces rather than directly from the sky. 
He used porticos, arcades, and other appendages to shield the building 
from direct sky light. Examples of these are the Villa Saraceno at 
Finale, Villa Sarego at Santa Sofia di Pedemonte, and Palazzo Chieri- 
cati at Vicenza. 

However, in the Renaissance period, the compulsion toward sym- 
metry caused the openings to be relatively equal in' size and appear- 
ance regardless of room size or function, a matter which lead to an 
excess of light in some places and a lack of it in some others. Ex- 
amples of this include Palazzo Farnese by Antonio da San Gallo the 
younger in Rome (1534) , Palazzo Massimi alle Colone by Peruzzi (1535) 
in Rome and the Uffizi by Vasari (1560) in Florence. In the Palazzo 
Farnese, small rooms have more windows than big, rectangular rooms, 
and when Michelangelo built the top story in 1548, he increased the 
height of the window sills without affecting the window sizes. The 
result was an increase in the penetration of light into the remote 
parts of the rooms without changing the number of windows or locations. 
In the Palazzo Massimi, by Baldassare Peruzzi, some windows remained 
in deep shadow, while others were left unprotected. The deep darkness 
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Of the ground floor was not balanced with the lightness of the upper 

floors, though the function did not change. The two latter examples 
reveal that the concern was more directed toward the artistic appear- 
ance of the building rather than upon the illumination itself. Vasari 
did the same in his Uffizi, but retained the expression of power and 
solidity, which had characterized the Renaissance style since its 
founding. 

I surveyed the free hand sketches and the buildings of both 
Michelangelo and Guarini to see how they manipulated their architec- 
tural spaces to accommodate lighting. Michelangelo used light as a 
photographer would. He ingeniously synthesized his ideas to create 
the composition of the sculpture and the way it might appear under a 
certain direction of light. He then used architecture not as a space 
for the promotion of life,. but first of all, as a background to his 
compositions. 

Guarini on the other hand, was preoccupied with the invention 
of new geometrical forms beginning with a rectangular base. When he 
discovered that this will "not lead to a new form, he dispensed of the 
straight lines. His negation of the straight line drove him inten- 
tionally or unintentionally to the cult of the curve. Unlike the 
straight line, the curve cannot be a measure of the shortest distance 
between two points. When the eye looks at a pattern of dots, it tries 
to draw lines to determine the figure. If a comprehensive figure can- 
not be obtained in such a way, the mind rejects the whole pattern and 
determines it to be either meaningless or judges the dots themselves 
to represent the surface texture of the pattern itself. Light rays 
behave in the same way. When a ray falls upon an object, it leaves 
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the surface in a straight line in a direction which depends upon the 

angle of incidence and the reflective characteristics of the surface. 
Guarini, by his adoption of the undulating surfaces, created infinite 
possibilities from the reflecting surfaces causing the light to re- 
verberate within the enclosure. The same principles applied to the 
exterior of his buildings. This reverberation of light produced in- 
finite image fantasies accompanied by huge amounts of visible chaos. 
Surfaces which were originally attached to the composition appeared 
to be detached under the overwhelming power of the sharp contrasts. 
Light that was supposed to fall on objects was directed to the obser- 
vers. Contours .that were supposed to be clarified by light were cor- 
-roded by it. m short, a battle between mass and light was meant es- 
sentially to draw the attention of people from the outside, and once 
they were inside, they were pulled forcibly to a predetermined direc- 
tion. Thus Guarini succeeded in moving people through the play of 
light and mass as may be seen in his Chiesa de S. Anna, S. Maria della 
Divina in the province of Libona and S. Fillippo Neri at Torrini. 

However, it should be mentioned that people were not drawn a- 
gainst their wills into such an atmosphere in which gravity was denied 
through the skillfull manipulation of light. One may say that light 
moved people by its power of transforming the place from a mathematical 
and epistomological space into a void in which vision was set free to 
wonder beyond the corporeality of the elements, while the^body movement 
itself was permitted only to extend in a predetermined direction, con- 
trolled and governed by the rhythmical expansion of the void within the. 
interior of the building. 
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Thus the Baroque designer employed light not only as a tool 

to clarify the objects in space, but also as a medium to produce psych- 
edelic effects on the observer, transporting him from the real world 
in which he lives, to an unknown world perceived only by architects 
and painters. 

Borromini and Bernini in their completion of Palazzo Barbarini, 
which was begun by Maderna (1628) , splayed the window reveals to the 
exterior, as seen in the upper floor. This caused an increase in the 
amount of light inside the room as was demonstrated experimentally by 
the author in another part of this thesis. However, Bernini's inten- 
tion was to employ light to produce the effect of depth rather than to 
admit direct lateral illuminiation, as seen in his design of the 
Scala Regia in the Vatican Palace in Rome (1663) and in the arrangement 
of the colonnades in St. Peter's Square (1656). 

Narciso Tome devised a new method of capturing light through a 
vertical plane and then flooding it upon a horizontal plane via the 
gradually curved ceiling. . This bending of the direction of light could 
be seen in the Toledo Cathedral, which was completed by Narciso in 1732 
and which was originally a thirteenth century French Gothic building 7 . 
Narciso took out the masonry of half a Gothic Vault of the ambulatory, 
and built a dormer-like shape over it to light the angle located in 
the opening cut in the vault from behind 8 . 



7 
Nikolaus Pevsner: An Outline of European Architecture , Butler 
and Tanner Ltd., Frome and London 1975, Penguin books, p. 255 



8 
Ibid., p. 258. 
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From the variety of the influences of natural light upon the 

architecture of past epochs, and from the different possibilities pre- 
sented thus far, one might expect that the solutions that might be 
brought into architecture during its evolutions would be influenced by 
these former methods. What was not expected, and infortunately hap- 
pened, was that solutions meant for certain conditions of light were 
applied in places with differenct intensities of light and magnitude. 
The reason for this was not due to lack of ideas but rather due to 
needs other than light.. These needs were ethical and aesthetic and 
were related to what was called "Romanticism" and not to the need of 
light itself. Nevertheless, there appeared some innovations for the 
introduction of light into the interior. One of these was the bay win- 
dow, which became a common feature in the architecture of England in 
the eighteenth and nineteenth centuries as a response to the character- 
istic dull light in that country. The effect of the bay window was to 
produce a pool of light near the window. This arrangement produced 
good illumination in a space in which different visual activities could 
be carried on with ease and comfort. This method of lighting was ap- 
plied extensively in American rural and urban buildings. 

Until the twentieth century, the numerous mullions needed to hold 
the many small panes of glass reduced the amount of light entering the 
room.. Furthermore, the mullions silhoutted against the brilliance of 
the light from outside produced eye strain in the observer. To reduce 
the contrast, the mullions were commonly painted white. In France, 
they introduced what was referred to as "the croise window" 9 . 



^Harold Edward Bechett: Windows; Performance Des ign and Installa- 
tion, RIBA Publication, 1974.. " " " 



*his window was composed of a rectangular opening havi „ g a height eqMi 
to the fioor height mines the beam depth[ ^ ^^ soMenea BUh iou _ 
vered shutters. The balconies in frmt had a ^^^^^ ^ ^ ^ 
«~ so as not to obstruct the Ught ^ tha iower ^^ ^ the ^ 

«as arrangement pemitted 9ood controi Qver the ^^^^ ^ ^ 
m summertime &r instance , the louvered shuttars hin9ed fron ^ ^ 

-Id be changed in . direction to preveat diraot smii ^ t ^ ^_ 
trating the interior, and the „ orizontai siats ^ the shutte ^ ^_ 
selves could be diraoted ^ ^ ^ ^ ^ ^ ^ ^ ^ 
from the opposite plaaas , a=cording tQ the anount ^ ught ^ ^ 

«. interior. T his system was adopted and still is in com.cn use „ 
the architecture of the Mediterranean aone and the Middle Eastern 
oonntries, as this method has proved its merits in iooations where 
daylight is intense and overcast sky seldom ooours. 

Early i„ the twentieth century, developments moved in the direc- 
tion of openness. Th e trend was toward the creation of an internation- 
al style. Ihi s style was exemplified by the work of Cropins, Mies van ■ 
oor Kobe. Le Corbusier, and others. x„ the early work of Cropius, he 
removed all constructional obstacles from the facades of his buildings 
that would obstruct the penetration of daylight. In his ragns Works 
at Mfeld near Hannover, in 19U , he made glass windows at the corners 
without mullions or supports. „i s office building, which was erected 
in Cologne in 1914 , appeared as if ^ — ^ ^ ^ ^ ^ . 

1— . and even the two stairs were pat inside curved glass towers so 

that the skeleton and the interior became exposed to direct sunlight. 

be Corbusier on the ether hand, mandated light in sueh a way 
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as to express its modeling effect upon simple geometrical forms. He 

was concerned with, the cycles of the day, the differing seasonal move- 
ments of the sun, with respect to a building and the color of objects 
under natural light and their effects on the psychology of man, ac- 
cording to his culture and understanding.. He also used brisesoleil to 
protect the. building from direct sunlight and from undesirable reflec- 
tions.. He introduced the horizontal strip window to occupy the whole 
span between supports defending it as superior to the tall window, 
with respect to the amount of light, provided that both are of equal 
size . In this respect Le Corbusier wrote, "Awkward- vertical windows 
are (.therefore), redundant and with them, the ugly window mullions and 
supports. Consequently, rooms are lit evenly from wall to wall. Ex- 
perimental research has proved that a room illuminated in this way is 
eight times higher in light intensity than a similar one with the same 
area of vertical window." 11 m fact, he actually underestimated the 
tall window. Experiments conducted at the University of Pennsylvania 
by this author did not give any support to his conclusions, but rather 
proved in many ways that the tall window gives more light and better 
penetration than a horizontal window of the same size. 

Unlike Le Corbusier, Mies was not interested in the pictorial 
shape of the building as seen under natural light, instead he was 



Tim and Charlotte Benton with Dennis Sharp (ed) : Architecture 

and Design 1890-1939; The Whitney Library of Design, An Imprint of 

Watson-Guptill Publications, New York, 1975, p. 155. 

^Ibid.., p. 155. 
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conceded with the effect of light in clarifying a space, and with its 

imaginative effects which give meaning and order to the relationship 
between the parts of the structure. He regarded light as having a 
universal character not confined to any age or style. He believed in 
creating a lasting quality for a building which would exceed the tem- 
porary existence of man. Thus he was dealing with natural light for 
its significance to the spiritual needs of man, rather than its actual 
effects on his visual tasks. The result is, as we observe in most of 
his works, that the building stands with its exterior skeleton un- 
changed while changes take place in the interior. Pure, unobstructed, 
and unmodified light penetrates it from all sides. There is less skin, 
more light. 

Unlike Meis, Wright regarded natural light to be ambient light 
associated with heat. Most of the openings of his buildings are 
shielded from direct light either by sheds or by daring cantilevers 
in the form of vast balconies. When he introduced skylights, he pro- 
vided a contrast to its brilliant light. In the Johnson Wax Building, 
for example, the mushroom shaped columns, which were supported later- 
ally at the sides and pinned at the bottom, served to protect the 
working area from the brilliant light of the skylight above. In the 
Gugenheim museum in New York, though he covered the interior with a 
skylight dome made of glass, he did not use it to illuminate working 
areas, 

Wright explained the sheds located directly over the window 
heads as being efficient in increasing the amount of light penetrating 
the room because light, after falling on the bottom surface 



of the horizontal sheds, would he reflected to the window, thus addfng 
to the. total amount of light entering the roc*!*. Scientific ^^ 
has shown this to be true in some respects, hut false in other re- 
spects. Since the sky is- the ma in source of illumination, the in- 
tensity of light is higher near the window opening than in the re- 
mote areas of the room. Thus a curve representing the distribution 
of the intensity of light in a section perpendicular to the window 
will have its peak near the window and gradually declines until it 
reaches a very low level of illumination near the back wall. The 
observer in such a room perceives the light to be bright near the 
window and to be dark on the opposite wall, regardless of the actual 
level of illumination in that darkly perceived area. When Wright in- 
troduced the horizontal shed, what really happened was that he flat- 
tened the above mentioned curve and hence the eye changed its adap- 
tation level and sensed an improvement in the lighting of the place. 
The shed cut a portion of the light that was formerly received near 
the window, and thus the intensity of light was reduced not only in 
that area, but also over the whole room. The shed, being lit by 
light reflected to it from the external planes and ground reflected 
it back to the rear portion of the room, and not to the area direct- 
ly near the window, since the observer is not allowed to compare the 
difference between the two lights, he will judge the latter as being 
lighter, influenced by the phenomena of simultaneous contrast. 
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Similarly, Le Corbusier played the same trick, in the Ronchamp 

in that he. pierced the walla with different window sizes. Such an 
arrangement could cause serious glare discomfort if they were left 
without splaying their reveals to the interior. The gradual transi- 
tion of light from the windows to the surrounding walls caused the 
wall to appear lighter. 

Louis Kahn regarded natural light as an important parameter 
which gives character to the building, and it should open to receive 
that light evoking the enexpected in its appreciation. He felt nat- 
ural light gives different moods to rooms. A room receiving light 
from the north and west side must have a different character from 
one receiving light from the south and east, and so on. The window 
which is designed for one light orientation will not be identical to 
that of the other.. Each, room must have its own kind of light so that 
if one goes to that room at a certain time of day, his memory will 
tell him what effects to expect there. Kahn considered this an op- 
portunity for light to -reveal its characteristics 13 . Thus hiding 
the structure would mean loss of the opportunity to introduce the 
benefits of natural light. He was totally against a room which de- 
pends on artificial light and considered it unworthy to even be 
called a room. Instead, the inner room would have to have a break 



John W. Cook and Heinrich Klotz: Conversations With Archi- 
tects , Praeger Publishers, New York, 1973, pp. 212,213 
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in the. ceiling to receive the natural light.. An example of this can 

Be seen in the dormitories at Bryn Mawr. In Kahn's opinion, the 
structure which gives light to the room individualizes it. He used 
deep window reveals to reduce the effect of glare, as can be seen in 
the Rochester Synagogue; he felt this was desired by the window it- 
slef . Above the exterior, he made four hoods arranged about the 
corners of the central meeting place. These hoods rise up to re- 
ceive light from the sky and pour it down into the room. 

Kahn felt the plan of a building was to an architect what a 
sheet of music was to a musician. Such a plan should read like a 
harmony of spaces in light. He suggested that even if a space is in- 
tended to be dark, it should have just enough light from some myste- 
rious opening to tell the observer how dark it really is 14 . 

Kahn found it important that each window should face a free 
wall and that such a window must open to the sky enough to receive 
the maximum light. The glare which may result could be modified by 
the reflections coming from the lighted wall facing that window. 

Kahn opposed the skylight with brise-soleil 15 as it fragments 
the sky producing an aesthetically offensive appearance. At the same 
time, he never used brise-soleil to protect the building from the sun 
as Le Corhusier had in the apartment buildings of Marseille. Instead 
he used porches composed of walls with circular openings as sun 
screens. Such, walls aided in reflecting the light which cut the 



'ibid.., pp.. 214, 215. 
'ibid.., p.. 198* 



253 



glare, coming from the openings.. 

The. comtemporary buildings could have benefited from the ex- 
periences and the examples presented thus far. Unfortunately, the 
current trend is toward the use of artificial light in buildings, 
with architects neglecting the important characteristics of natural 
light. Buildings are designed as though we are continuously living 
in the dark of night. In such buildings, one is not aware of the 
time of day, nor of the changes of the seasons. As we have seen be- 
fore, there is a physical and psychological danger when we are de- 
prived of the natural environment in which natural light is most im- 
portant.. Artificial light can never equal natural light. Heat ra- 
diated from light fixtures can exceed the amount of heat accompaning 
natural light having the same wattage, thus disfavoring its use. It 
becomes clear, then, that lighting should be modified in such a way 
as to produce the maximum benefits, especially as not only the 
feeling of well being of the occupant is improved, but also much of 
the costs are reduced that are spent in illuminating spaces continu- 
ously that are not in actual use most of the time. 
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■ ' — " g • L '^ u x J-- 30 Meters Me asured m- 
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From Figures 43, 44 4-; 
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. The window with the external reveal Figure 45 , produces a 
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ti»es as mU ch as that introduced h y the window with the internal re- 

veal, while the window with extern* i ™ , , 

external reveal introduced five and a half 

«- that introduoed h y the latter. M all other referenoe points 
the window with external reveal is superior espeoiall y near the rear 
-all. at referenoe points MI1 and Bxxx, t he „ indo „ „ ith sq „ are ^ 
external reveal induced respeotivel y , shout three ^ four ti.es 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 1.20 x 1 .30 m. 
Sill = 0.90 m. 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 1.20 x I.30 meters 
Sill = 0.90 m. 
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Fig. 44 Performance of window 
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with square reveals. 



' ■ : "■ 1 : : : 



. 



. I 



J 



1 Cm. == 0.5 m. 



:. 



II 



III 






Reference Points 


















.-j. 






ill 



258 



Room = 4.00 x 3.50 x 2.75 meters 
Window = 1.20 x 1,30 m. 
Sill = 0.90 m. 
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Comparative Analysis Of Rooms With A Central Window Of 1.80 x 1.30 

Meters, Employing Natural Light, Having Different Reveals. 

As shown in Figures 46., 47 and 48: 

. The window with the external reveal Figure 48 produces better 
light at the work plane than the other two. The level of illumination 
at AI and CI is about six times greater than that of a window with an 
internal reveal and twice as much as a window with a square reveal. 

. Both windows with external reveals and square reveals intro- 
duced the same amount of light at reference point BI. For the area 
extending from the center of the room back to the rear wall, the win- 
dow with external reveals introduced the higher levels of illumination. 
At reference points BII and Bill Figure 48 , the window with external 
reveals gave double the illumination produced by the window with 
square reveals and about four and a half times that produced by the 
window with internal reveals. 

. The illumination near the rear wall was evenly distributed 
with all three types of windows, but it was lowest in the case of the 
internal reveal, Figure 
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Fig. 46 Performance of window 1.80 
x 1.30 meters with reveals 
beveled to the interior 
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Fig. 47 Performance of window 

- "1.80 x 1.30 Meters with 
square reveals 
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Comparative Analysis Of Rooms Having Window Sizes 2.40 x 1.30 Meters 
With Different Reveal Shapes , As Shown in Figures 49 to 51 Employing 
Natural Light As The Main Source Of Illumination With Readings Taken 
On The Work Plane. 
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. The window with square reveal admits the greatest illumina- 
tion at points AI, BI and CI near the window, as in Figure 50. when 
compared with the other two types of windows. But this window gives 
less light at the other reference points than does the window with 
external reveal. While the window with square reveal gives from 
three to four times more light than does the window with internal re- 
veal, at reference points AI, BI and CI, it gives approximately three 
times more light than in the latter case for the rest of the refer- 
ence points. 

. The window with external reveal admits more light into the 
areas remote from the window than do the other two types. For in- 
stance, at reference points All, AIII, BII, Bill and CII, CIII, the 
window with external reveal admits about three and a half times more 
light than the window with internal reveal, and about 20 percent 
more light than that produced from the window with square reveal. 
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Room = 4.00x 3.50 xi.30 m. 
Window = 2,40 x 1.30 m. 
Sill = 0.90 n. 
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Comparative Analysis Of Rooms Having Window Sizes Of 3.00 x 1.30 Meters 

With Different Reveal Shapes, Employing Natural Light, With A Window 

Centrally Located. 

. When compared to the illumination which is introduced by the 
window with external reveal, the window with square reveal admits a- 
bout 40 percent more light at reference points AI and CI and about 
6 percent more light at the center of the window. This increase de- 
clines so rapidly as one goes farther away from the window, that the 
light from the window with external reveal exceeds it. For instance, 
at the rear points AIII, Bill and CIII in Figure 54 , the window with 
external reveal admits 40 percent more light at points AIII and CIII 
and about 143 percent more light at Bill than does the window with 
square reveal. 

. At all reference points the window with internal reveal pro- 
duces the least amount of light when compared to the other two types 
of reveals, as seen in Figures 52, 53, and 54 . The window with ex- 
ternal reveal admits as much as two to three times more light than 
that introduced by the window with internal reveal. With square re- 
veals, the lighting increase averaged two and one-third times more 
than the window with external reveal. 

. The effect of the lawn on the light received at reference 
points BI, BII and Bill is significant only when the window had ex- 
ternal reveals and when the work plane was perpendicular to the win- 
dow plane. At all other reference points the light reflected from 
the concrete ground is much greater than that which can be reflected 
from a lawn. 



268 



Room ='+.00 x 3.50 x 2.75 m. 
Window = 3.00 x 1 .30 m. 
Sill = 0.90 m. 



3.00 



L7.81 



12.21 



(16.67) 



9M 



(10.93) 



8.39. 



hi. 



2?. 20 



16.92 
(27.02) 



10.98 
03.33) 



[9T8A, 



K 13 



.21 



10.22 



(11.20) 



8.^2 



(9-80) 



8.36 



Al 
A2 



Bl 

B2 



Gl 
G2 



II 



III 






Reference points 

Plan ls50 



Light source = NATURAL 

Readings = On work plane 

'= Model on lawn 

= Model on concrete 







: 












1 


i 


























. 


reference pts 










1 






; ' t 




28- 
2k- 
20- 
16- 






" 










. 




B 


vBl 

2\ 


.. ; . 1 ' 


-'" - ~ 




i 




. 


: i 


:. . _ 






1 


\ 




- : 


1 ■■ - 




1 


■ 




S 


\ 

\ \ 






















I 


j ! 

ived at 


Al 


\ 








-" - 


















A2^\ N \X 




















: " 






. 1 ■• 




• 1 






12- 






' 






Fic 


J- 


52 


Performance of window 
3.00 x 1.30 Meters 


0) 

M 
+> 
■& 

rj 


8- 










r 


, ~"~ 


"~^-s>. ^"""--i 










* 


rith reveals beveled 




: 


1 










- 






1 


.0 thi 


2 interioi 




H 

O 






































1 




- 








i ■ 
















£-,-« 


1 
TT 


1 








. 


. 


- 











. . . 








J-J- 




±x± 






■ 


." " 








] 




■ - ■ 


— — — 






:' : ■ 












let ex 


ence 


poin 


;s 






.; 


"l - . 




• - 
















■ 




-:i\ 


■ 


:::: 


- 




•ji: 




■ 




.- 




. . . 


■ ■ 






..-,-... 


" \ .. 




-- 


- 






: IS - 


z 








.::: 


fiftl 


:-•::.; 


::.: 










269 
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Comparative Analysis Of Rooms Having Window Sizes 3.60 'X 1.30 Meters 

With Different Reveal Shapes As Shown In Figures 55, 56, and 57 

Employing Natural Light. 

Readings were taken at the work plane level. 

. While the window with a square reveal is more efficient than 
the other two types for the third of the room nearer to the window, 
for ^the other two thirds of the room, the window with external reveal 
: is preferable. It admits more light in that part than both the win- 
dow with square reveals and the window with internal reveals. While 
the window with square reveals admits three times more light than 
that introduced by the window with internal reveals and about 20 per- 
cent -more light than the window with square reveals at reference 
points AI and CI, it becomes less efficient than the window with ex- 
ternal reveals for the rear section of the room. For example, at 
reference points AITI, BITI and CIII, the window with external reveals 
introduces about 20 percent more light than does the window with 
square reveals, and it introduces more than two and a half times more 
•than that which is introduced by the window with internal reveals. 
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Comparative Analysis Of Rooms Having Windows Which Are 1.30 Meters 

High With Sills 0.90 Meters Above The Floor, Which Occupy The Total 

Width Of The Room. 



. When comparing Figures 58, 59, and 60 we note that the 
lighting is well distributed in the room having a window with external 
reveals. However, the room with a window with square reveals receives 
more light in the areas of the room nearer the window. For example, 
at reference points AI, BI, and CI, these points receive from 6 per- 
cent to 8 percent more light from the window with square reveals than 
that which is received from the window with external reveals. When 
compared with the light received from the window with internal re- 
veals, the window with square reveals introduces more than twice the 
light introduced by the latter at almost all the reference points in 
the room. 

, Apart from the advantage of the square reveals of the window 
upon the quantity of light in the area adjacent to the window, the 
decline of light is steep in the rest of the room. At reference 
points All and CII at both sides of the window, the window with square 
reveals introduces about 45 percent less light than the light intro- 
duced by the window with external reveals. At the center of the room, 
at BII, the window with a square reveal introduces 20 percent less 
light than does the window with a external reveal. Furthermore, at 
the remote reference points AIII and CIII, the light introduced by 
the window with square reveals is 60 percent less than the light 
introduced by the window with external reveals. Also, at Bill near 
the center of the rear wall, the efficiency of the window with square 
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reveals is about 40 percent less than that of the window with external 

reveals. 

. In the case of the window with internal reveals, the light 
is evenly spread over the entire space, but the level of illumination 
is still lower than that found in the other two rooms. The window 
with square reveals introduces twice as much as the light that is in- 
troduced by the window with internal reveals at almost all the refer- 
ence points, as seen in Figures 58 and 6Q . The window with external 
revelas introduces two to three times the light that is admitted by 
the window with internal reveals. For example, at reference points 
All I, Bill and CIII, the window with external reveals introduces 
about three times the light that is admitted by the window with in- 
ternal reveals. For the rest of the reference points, the window 
with external reveals introduces between two and three times the light 
that is introduced by the window with internal reveals. 

. In this experiment, the effect of the lawn upon the quality 
of light in the interior of the room was found to be generally less 
than the effect of the concrete ground on the latter. 
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Comparative Analysis Of Rooms Having Windows With Different Reveal 

Shapes, Employing Artificial Lighting With Reference To Work Planes, 

As Indicated In Figures 61 through 78 . 

. When employing artificial light rather than natural light, 
the amount of light admitted through the window in all three cases is 
remarkably lower. 

. As the width of the window increases, the distribution of 
light throughout the reference points becomes more homogeneous, es- 
pecially when the width of the window exceeds 2.40 meters. 

. In general, the window with an external reveal admits more 
light than the other two types. 

. Throughout the experiments with artificial lighting, the 
effect of the concrete ground on the quantity of illumination is 
greater than the effect of the lawn. The loss of light due to the 
lawn ranges from 2 percent to 5 percent. 

. When employing windows up to 1.80 meters in width with 
square reveals or external reveals, the reference points near the 
window receive as much as four to five times the light that is re- 
ceived from windows with internal reveals. However, this proprotion 
declines as the window with internal reveals increases beyond 1.80 
meters in width. For example, at the reference points BI, BII, and 
Bill axial to the window, the window whose width is 1.70 meters 
with an external reveal admits from four to five times the light 
that is admitted by the window with internal reveals, but from three 
to fbur times at a width of 1.80 meters, from two and a half to three 
times at a width of 2.40 meters, and from two to less than three 
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times at a width of 3.00 meters. This also happens to the reference 
points flanking the windows. However, this amount becomes two times 
less when the window with internal reveals occupies the whole width 
of the room. 
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1.30 Meters with reveals bev- 
eled to the interior when 
employing artificial light 
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1.30 Meters with reveals 
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Window = 1.80 x 1.30 m. 
Sill = 0.90 m. 



3.70 



XT>5o) 



5.20 



ft.ft6 



Or. 90) 



IftTfto , 



1.80 m. 



7.30 



6.00 



(7.00) 



5.20 



(5.70) 



[ft .50 



3.60 



^.55 



[3.^0) 



ft. 32 



i.ftO 



<M5[ 



Al 
A2 



Bl 

B2 



Cl 
C2 



I 

I 



II III 

Reference points 

Plan 1:50 



Light source 
Readings 



= ARTIFICIAL 
= On work plane 
= Model on lawn 
= Model on concrete 



. : I 



I 









Fig..' 64 Performance of window 1.8Q x 
1.30 Meters having reveals 
beveled to the interior 
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Fig. 65 Performance of window 1.80 x 
1.30 Meters with square re- 
veals 
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Fig. 66 Performance of window 1.80 x 
1.30 Meters having reveals 
beveled to the exterior 
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Fig. 67 Performance of window 2.40 x 
1.30 Meters having reveals 
beveled to the interior 
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Fig. 68 Performance of window 2.40 x 
1.30 Meters with square 
reveals 



II 



III Reference points 



290 



Room = 4.00 x 3.50 x 2.75 m. 
Window = 2.40 x I.30 m. 
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Fig. 69 Performance of window 2.40 x 
1.30 Meters with reveals 
beveled to the exterior 
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1.30 Meters with reveals 
beveled to the interior 
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Fig. 71 Performance of window 3.00 x 
1.30 Meters with square 
reveals 
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Window = 3.00 x I.30 m. 
Sill = 0.90 m. 
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Fig. 72 Performance of window 3.00 x 
1.30 Meters with reveals 
beveled to the exterior 
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Fig. 73 Performance of window 3.60 x 
1.30 Meters with reveals 
beveled to the interior 
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1.30 Meters with square 
reveals 
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Fig. 75 Performance of window 3.60 x 
1.30 Meters with square 
reveals 
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Fig. 76 Performance of window 4.00 x 
1.30 Meters with reveals 
beveled to the interior 
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Room = 4,00 x 3.50 x 
Window = 4.00 x 1 .30 in. 
Sill = 0.90 m. 
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Fig. 78 Performance of window 4.00 x 
1.30 Meters with reveals 
beveled to the exterior 



.„ 












1 3 E" 

Reference points 






300 

Comparative Analysis Of The Level Of Illumination At The Floor Level 

Of Rooms Having Equal Window Sizes Of 1.20 x 1.30 Meters, But Having 

Different Reveal Shapes And Employing Natural Lighting, As Shown In 

Figures 79, 80 and 81 . 

. Readings here are taken at floor level. One of the most 
important results is that the level of illumination resulting from a 
window with square reveals is no greater at the first third of the 
room near the window, than in the case where readings were taken at 
the work plane. In stead, the window with external reveals intro- 
duces the highest level of illumination at all reference points for 
the other types of windows. This is not only evident for this size 
of sindow, but also for the other sizes used in this experiment. 

. This indicates that the top of the window admits the great- 
est intensity of light and that the level of illumination at a ref- 
erence point is dependent upon the size of the section of the sky 
seen from that reference point. Accordingly, the taller the window, 
the more light is produced. Of course, if the top of the window is 
bevelled to the exterior, then a person at the reference point will 
see more area of sky. 

. Though the window in this experiment is located in the mid- 
dle of the external wall of the room, the light is not distributed 
equally on both sides of the window. This suggests that the light 
reaching the window comes from different sources in the surroundings 
and; penetrates the window with different intensities. This is shown 
by the behavior of light through axis A and C in Figures 79., 80, and 
81 * Employing natural lighting does not ensure symmetrical distri- 
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but ion of light at both sides of the center lines of the window. The 

intensity of light is greater at the zenith than at the horizon, and 
the surroundings, variable though they may be, have different albedoes. 

. At reference points AI and CI , the window with external re- 
veals admits about five and a half times the light that is admitted 
by the window with an internal reveal. At these same reference points 
the window with square reveals admits between three to four times the 
light that the window with an internal reveal admits. 

. At point BI near the window, the window with external reveals 
introduces three times the light that is introduced by the window with 
an internal reveal. At the same time, it gives about 20 percent more 
light than does the window with a square reveal. 

. At points All and CII, the window with an external reveal 
gives about three and a half times more light than the same window 
with internal reveals, and 34 percent more light than if the window 
was constructed with square reveals. 

. At the center of the floor of the room, the window with an 
external reveal admits about three times more light than a window with 
internal reveals and 14 percent more light than the window with a 
square reveal. 

. At the central point Bill of the rear of the room, the win- 
dow with external reveals admits three and a half times more light 
than is admitted by the window with an internal reveal and 30 percent 
more light than that of the window with square reveals. 
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, At the dimmest corners of the room at points AIII and CIII, 
the window with external reveals introduces about three times more 
light than is admitted from the window with internal revelas and a- 
bout 25 percent more light than is admitted by the window with a 
square reveal. 



303 



Room = ^. 00 x 3.50 x 2.75 m. 
Window = 1 .20 x 1.30 m. 
Sill = 0.90 m. 
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Fig, 79- Performance of window 1.20 x 
1.30 Meters with reveals 
beveled to the interior with 
: respect to the floor level 
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Fig. 80 Performance of window 1.20 x 

1.30 Meters with square reveals 
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-Fig. 81 Performance of window 1.20 x 

1.30. Meters with external reveals 
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Comparative Analysis Of Rooms Having Windows Of Size 1.80 x 1.30 Meters 

But With Different Reveal Shapes. Readings Are Taken At Floor Level. 

See Figures 82, 83, and 83. 



. As the window increases in size, the light also increases in 
intensity throughout the room. However, this intensity is not the 
same for windows with different reveal shapes. The window with an 
external reveal introduces the greater amount of light. For example, 
at reference points AI and CI at the sides of the window, the window 
with external reveals admits two and a half times the light that is 
admitted from the window with the internal reveals, while the same 
window being constructed with square reveals introduces only twice 
the light that is admitted by the window with internal reveals. 

. At point Bl near the center of the window, the window with 
external reveals exhibits a superior performance. If admits three 
and a half times the light that is introduced by the window with in- 
ternal reveals and about 75 percent more light than does the window 
with square reveals. 

t Toward the center of the room, the window with external 
reveals introduces two and one third times more light than is intro- 
duced from the window with internal reveals, and 14 percent more 
than that produced by the window with a square reveal. At the rear 
portion of the room at point Bill, this window introduces about 
three and a half times that which is admitted by the window with an 
internal reveal and 25 percent more light than from the window with 
a square reveal. 
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. At the corners of the room, at points AIII and CIII, the 
light admitted from the window with external reveals is about three 
times the light that is admitted from the window with an internal 
revela, while the window with the square reveal admits less than 
two and a half times the light that is admitted by the latter. 
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Comparative Analysis Of The Behavior Of Light In Rooms Having A Central 

Window With The Size Of 2.40 x 1,30 Meters, But With Different Reveals. 

Measurements Were Taken At The Floor Level In The Locations Specified 

In The Drawings. See Figures 85, 86 and 87 . 

. In the case of the room having a window with internal reveals, 
as seen in Figure 85 light gradually builds up towards the room's 
center with respect to axes A, B, and C. The level of illumination is 
relatively constant for the rear third position of the room. This is 
not the case for the other two rooms. In the case of the room whose 
window has square reveals, the increase in illumination is remarkably 
varied for the three axes perpendicular to the window, Figure 86 and 
the distribution of light is asymmetrical at the sides of the room, 
though the window is central. The same condition is found for the 
room when illuminated through a window with an external reveal. The 
explanation for this is that the exterior surfaces of the surroundings 
have influenced the light in such a way as to cause it to be asymmet- 
rical so that the side containing axis C receives more light than that 
at axis A, as can be seen in Figures 

. At reference points AI and CI, the window with an external 
reveal gives two and one third times more light than is introduced by 
the window with an internal reveal, and about 23 percent more light 
than the window with square reveals. 

. At the refernce point BI , the window with external reveals 
admits two and a quarter times more light than is introduced by the 
window with internal reveals. However the window with a square reveal 
admits less than twice the amount of light admitted by the latter. 
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. At the remote corners of the room, at points AIII and CIII 
the window with internal reveals admits two and two third times more 
light than that which is admitted by the window with internal re- 
veals. The window with square reveals admits about twice the light 
that the window with an internal reveal does. 

. At point Bill along the axis of the window, near the rear 
wall, the window with external reveals introduces about three times 
the light that is admitted by the window with internal reveals. The 
window with square reveals admits only two and a quarter times the 
light that the latter admits. 
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Fig. 85 Performance of window 2.40 x 
1.30 Meters having reveals 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 2.40 x I.30 m. 
Sill a 0.90 m. 
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Room = 4.00 x 3.5O x 2.75 m. 

Window = 2,40 x I.30 m. 
Sill = 0.90 m. 
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Fig. 87 Performance of window 2.40 x 
1.30 Meters having reveals 
beveled to the exterior . ._. 
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Comparative Analysis Of Rooms Having Equal Dimensions And Window 

Openings of 3.00 x 1.30 Meters, But With Different Reveals . The 

Source Of Illumination Is Natural Light And Readings Are Taken 

At The Floor Level . 

. From the graphs shown in Figures S8-9Q one can see that the 
percentage of light received at the refernce points in the room with 
a window having external reveals as in Figure 90, is constantly in- 
creasing with increased distance from the window. On the other hand, 
in the room with a window with square reveals, the decline is no- 
ticeable as one leaves the middle of the room, approaching the op- 
posite wall which is parallel to the window. 

. The amount of light admitted through the window with intern- 
al reveals is the least amount when compared to the other two cases. 
For example, the window with external reveals admits about twice the 
amount of light admitted through the latter at reference points AI 
and CI. Similarly, the window with square reveals admits only one 
and a half times the light that is admitted through the window with 
internal reveals. 

. In the remote parts of the room at points AIII and CIII 
the window with external reveals admits about two and a half times 
the amount of light that the window with internal reveals admits. 
The room with square reveals admits a slightly more than twice the 
amount of light admitted by the latter. 

, At the center of the room the level of illumination is 
greater when employing a window with square reveals than when the 
reveals are bevelled to the exterior or to the interior. This con- 
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dition did not occur when artificial light was employed. (.This sug- 
gests that the movement of the sun in the sky creates a variation of 
reflections. However, these experiments were performed under totally 
overcast skies and within a limited time framework.) Nevertheless, 
for the reference points other than this point, the level of illumi- 
nation remained less than those illuminated by the window with the 
external reveals. 



Room =4.00x 3.50 x 2.75 m, 
Window = 3.00 x 1.30 m. 



3.00 



m. 






318 



,08 



9.07 



CT^O) —^729) 



10.34 



11. oc 



7.86 



12.50 



12.26 



Al 

) A2 



.7.86) 12.00) \lT.Z6) 



7-50 



10.00 



ms) 



11.79 
ta.43) - 



0^.5: 



Bl 

B2 



Gl 
) C2 



I II III 

Reference points 

Plan ls50 



t 



a «k 



<D 

I 

Q) 

O 

■8 
> 

•H 
O 

o 

I 

•H 
H 

«H 
O 



12- 
10- 

I 

8- 
6- 

4- 

2- 



^ 0- 



Light source = NATURAL 
Readings = On floor level 

= Model on lawn 

' = Model on concrete 




.i 



Fig.. 88 Performance of window 3.00 x 
1.30 Meters having reveals 
beveled to the interior 
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Room = 4.00 x 3.50 x 2.?5 m. 
Window = 3.00 x I.30 m. 
Sill = 0.90 m. 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 3.00 x I.30 m. 
Sill 0.90 id. 
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Comparative Analysis Of Rooms Having A Window Size Of 3.60 x 1.30 

Meters And Different Reveal Shapes. Readings Are Taken At Floor Level 
Employing Natural Lighting. 

. The window with external reveals admits better illumination 
at the reference points at floor level . With respect to points AI , 
All, AIII and CI, CII and CIII (Figures 91, 92, 93. ), this window 
admits from two to two and one third times more light than is intro- 
duced by the window with internal reveals. At the same time, it in- 
troduces from fifteen to twenty percent more light than that which 
is admitted by the window with square reveals. Only at point All 
the level of illumination is slightly greater when employing the 
window with square reveals than with external reveals. The reason 
for that has been discussed in the previous case. 
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Room = fyjQD x 3. 50 x2.75 m. 
Window = 3.60 x 1.30 m. 
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Comparative Analysis Of Rooms Having Windows O ccupying The Whole Width 
Of The Room, Having A Constant Height Of 1.30 Meters , But Wi th Differ- 
ent Reveal Shapes. Readings Were Taken At Floor Level Employing Nat- 
ural Light. See Figures 94, 95 and 96. 

. Through a window having external reveals, the reference 
points AI, CI, All and CII receive as much as twice the light re- 
ceived from a window with the same size having internal reveals. 
At points AIII and CIII, the window with external reveals introduced 
two and a half times more light than is admitted through the window 
with internal reveals. 

The window with square reveals admits about one and two 
thirds to twice the light that can be introduced by the window with 
internal reveals, at the above mentioned reference points. 

, Along the axis of the floor perpendicular to the window 
plane, the level of illumination at points BI , BII and BUI is greater 
when using a window with external reveals. The illumination is from 
less than twice to twice as much as the light introduced through the 
window with internal reveals and about 13 percent more than the light 
admitted through the window with square reveals. At the center of 
the floor of the room, lighting is almost equal from the window with 
external reveals and from the window with square reveals. 



Room = 4.00 x 3.50 x 2.: 
Window = 4.00 x 1.30 m. 
Sill = 0.90 m. 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 4.00 x I.30 m.~ 
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Comparative Analysis Of Rooms Receiving Artificial Lighting Through 
Windows Which Have Different Reveal Inclinations. The Rooms Have The 
Same Physical Shape And The Comparison Of Illumination Is Limited To 
Floor Level. See Figures 97 through 114 . 

. Comparison will now be made of the results obtained from 
different windows having a gradual increase in width. Generally 
speaking, illumination inside the rooms is similar in behavior to 
that of natural lighting. The difference is that the light fades 
out quickly after penetrating the room when the source of lighting 
is artificial. 

. For all the different window sizes, it is the window with 
external reveals which admits the greater amount of light to the 
reference point in any position. 

. As the window increases in width the difference between the 
performance of the window with external reveals and the window with 
square reveals increases. For instance, at point BI in front of the 
window, when its size is 1.20 x 1.30 meters, the window with external 
reveals introduces 9 percent more light than that introduced through 
the window with square reveals. When the window size becomes 3.00 x 
}.,30 meters, the window with external reveals admits 22 percent more 
light than does the window with square reveals (see Figures 98 and 99) 

. The window with internal reveals admits the least amount of 
light when compared with the other two types of windows (see Figures 
97, 100, 103, 106, 109 and 112. 
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Fig. 97 Performance of window 1.20 x 1.30 
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Meters with reveals beveled to 
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Fig. 101 Performance of window 1.80 x 1.30 
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Room = ty.00 x 3.50 x 2.75 m. 
Window = 1.80 x 1.30 m. 
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Fig. 102 Performance of window 1.80 x 1.30 
Meters having reveals beveled to 
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Fig, 103 Performance of window 2.40 x 1. 
Meters with reveals beveled to 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 2.40 x 1.30 m. 
Sill = 0.90 m. 
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Fig. 104 Performance of window 2.40 x 1.30 
Meters having square reveals 
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Fig. 106 Performance of window 3.00 x 1.30 
Meters having reveals beveled to 
the interior 
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Window = 3.60 x I.30 m. 
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Fig. Ill Performance of window 3.60 x 1.30 
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Fig. 112 Performance of window 4.00 x 
1.30 Meters having reveals 
beveled to the interior 
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Room = ^.00 x 3. 50-1 
Window = 4. 00 x 1.30 :i. 
Sill = 0.90 m. 
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Fig. 113 Performance of window 4,00 x 

1.30 Meters having square reveals 
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Room = 4.00 x 3.50 2.75 m.j_ 
Window = 4.00 x I.30 m. 
Sill = 0.90 ft. 
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Fig. 114 Performance of window 4.00 x 1.30 
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Comparative Analysis Of Rooms Having Windows On One Side Of The Facade 

But With. Different Reveal Shapes, With, Window Widths Ranging From 1.20 

To 3.6.0. Meters.. Readings Are Taken Both At The Work Plane And At Floor 

Level .. 



The position of the reference points are indicated by axes 
A f B, C, and I, II, and III as shown in Figures 115 through 175. 

The aim of this experiment is to know the influence of shifting 
the. position of the window from the center of the facade upon the il- 
lumination at the reference points facing the window. In the case of 
the central window, the reference points facing them are BI, BII , and 
Bill.. In the case of windows on one side of the facade, the refer- 
ence points facing them are CI, CII, and CIII. 

In order to repeat the same steps detailed previously when the 
window was located in the middle, twenty four experiments and two 
hundred and forty readings were recorded for each window size. The 
purpose was to study the influence of both natural and artificial 
lighting upon the reference points at different planes and the impact 
of the lawn and concrete ground upon the illumination at these points. 

A general observation about the results obtained when using 
windows located near side walls is as follows. There is no significant 
increase, in. the. level of illumination at the reference points CI, CII, 
and CIII perpendicular to the window when compared to the reference 
points BX f BII. f and Bill opposite to the centered windows. This means 
that though- side walls contribute to the general illumination inside 
the ropm, they have, no significant impact upon the reference points 
which, are parallel to and near the side walls. 
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, The. window with, internal reveals is the least efficient in 

illuminating the room when compared to the other types of reveal 

shapes.. 

.. In general, except at the points adjacent to the windows, 
the. windows with external reveals introduced a greater amount of light 
at the reference points than did the window having square reveals or 
internal reveals. For instance, through a window 1.20 meters wide, 
with, external reveals, at the remote point of CIII located in front 
of the window at the work plane, the light is about four and two 
thirds times more that which is admitted through the window with the 
internal reveals.. With a window width of 1.80 meters, and in the 
same position, the window with the external reveals admits about three 
and a half times more light than is admitted by the window with the 
internal reveals. In the same way, the window with external reveals 
admits two and three quarter times the light that is admitted 
through the internal bevelled window with the size of 2.40 meters. 
The same is true for the window sizes of 3.00 meters and 3.60 meters. 
On the, other hand, the. window with square reveals admits about two to 
a maximum of four times the light that is admitted through the window 
with- internal reveals, depending upon window size and the position of 
the. reference points... 

^ At the. other side of the room away from the window, the win- 
dow, with, external reveals produces the superior lighting. For instance 
for the window which is 1,20 meters in width and has external reveals 
at reference, point AI, twice the amount of light is admitted by the 
Window with, internal reveals. The window with square reveals admits 



350 
only about one and a half times the light that is admitted through 

the. latter.. This happens for all reference points no matter where 

their position is. in the room. 






Room = 4.00 x 3.50 x 2.75 m. 
Window = 1.20 x I.30 m. 
Sill = 0.90 m. 
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Fig. 115 Performance of window 1.20 x 1.30 
Meters having reveals beveled to 
the interior 
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Room = 4. 00 x 3.50 x 2.75 m. 
Window = 1.20 x 1 .30 m. 
Sill = 0.90 m. 
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Fig. 116 Performance of window 1.20 x 
1.30 with square reveals 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 1.20 x I.30 m. 
Sill = 0.90 m. 
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Fig. 117 Performance of window 1.20 x 1.30 
Meters with reveals beveled to 
the exterior 
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Room = 4.00 x 3.50 x 2.?5 m. 
Window = 1.80 x 1 .30 
Sill = 0.90 m. 
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Fig. 118 Performance of window 1,80 x 1.30 
Meters with reveals beveled to 
the interior 
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Room = 4.00 x 3.50 x 2.75 m, 
Window = 1.80 x 1.30 m. 
Sill = 0.90 m. 



56- 

52 
48 
44-1 



CO 

-p 


40 


fl 




•H 








36 


O 




fi 




(11 


32 


<D 




Til 




u 


2b 


-p 




m 




■a 


24 


> 




•H 





O 


20 


0) 




u 






16 


trn 




•h 




rH 


12 








8 



8 - 



4 - 






1.80 m. 




3 £T "15" 

Reference points 





7.65 


7.86 


9.20 




Al 




(7.38) 


[7.56) 


(8.34) 


A2 






17.00 


XkjQ 


13.33; 




Bl 


4^ 




(17.50) 


[15.06) 


(13.70 B2 




47.50 


24.29 


16. 30 




Gl 


- 


(46.25) 


(24.63) 


(16.0( 


) G2 


t 




1 

i 11 1: 


:i 






Reference 


points 



Plan 1:50 

Light source = NATURAL 
Readings = On work plane 

= Model on lawn 

= Model on concrete 



Fig. 120 Performance of window 1.80 x 1.30 
Meters with square reveals 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 1.80 x 1.30 m. 
Sill = 0.90 m. 
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Fig. 121 Performance of window 1.80 x 1.30 
Meters having reveals beveled to 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 2.40 x 1 .30 m. 
Sill = 0.90 m. 
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Fig. 122 Performance of window 2.40 x 1.30 
Meters having reveals beveled to 
the interior 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 2.40 x I.30 m. 
Sill = 0.90 m. 
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Fig. 123 Performance of window 2.40 x 1.30 
Meters having square reveals 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 2.40 x I.30 m. 
Sill = 0.90 m. 
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Fig. 124 Performance of window 2.40 x 1.30 
Meters having reveals beveled to 
the exterior 
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Room = 4.00 x 3.50 x 2.75 m 
Window = 3.00 x I.30 m. 
Sill = 0.90 m. 
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Fig. 125 Performance of window 3.00 x 1.30 
Meters having reveals beveled to 
the interior 
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Room = 4.00 x 3-50 x 2.?5 m. 
Window = 3.00 x I.30 m. 
Sill = 0.90 m. 
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Fig. 126 Performance of window 3.00 x 1.30 
Meters having square reveals 
located at one side of the wall 
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Room = 4.00 x 3-50 x 2.75 m. 
Window = 3.00 x 1.30 m. 
Sill = 0.90 m. 
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Fig. 127 Performance of window 3.00 x 1.30 
Meters having reveals beveled to 
the exterior 
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Room = 4.00 x 3.50 2.75 m. 
Window = 3.60 x 1.30 m. 
Sill = 0.90 m. 
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Fig. 128 Performance of window 3.60 x 1.30 
Meters having reveals beveled to 
• :---': the interior 



- 






364 



Room-- ^.00 x 3.50 x 2.75 m. 
Window = 3.60 x 1.30' 

Sill = 0.90 m. 
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Fig. 129 Performance of window 3.60 x 1.30 
Meters with square reveals 
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Room = if-. 00 x 3.50 x 2.?5 m. 
Window = 3.60 x I.30 m. 
Sill = 0.90 ». 
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Fig. 130 Performance of window 3.60 x 1.30 
Meters having reveals beveled to 
the exterior 
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Fig, 131 Performance of window 1.20 x 1.30 
Meters having reveals beveled to 
the interior 
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Fig. 132 Performance of window 1.20 x 1.30 
Meters having square reveals 
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Window = 1.20 x 1.30 m. 
Sill = 0.90 m. 
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Fig. 133 Performance of window 1.20 x 1.30 
Meters having reveals beveled to 
the exterior 
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Fig. 134 Performance of window 1.80 x 1.30 
Meters having reveals beveled to 
the interior 
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Window = 1.80 x 1.30 m. 
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Fig. 135 Performance of window 1.80 x 1.30 
Meters with square reveals 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 1.80 x I.30 m. 
Sill = 0.90 m. 
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Fig. 136 Performance of window 1.80 x 1.30 
Meters with reveals beveled to 
the exterior 
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Fig. 137 Performance of window 2.40 x 1.30 
Meters with reveals beveled to 
the interior 
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Fig. 138 Performance of window 2.40 x 1.30 
Meters with square reveals 
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Fig. 139 Performance of window 2.40 x 1,30 
Meters with reveals beveled to 
the exterior 
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Fig. 140 Performance of window 3.00 x 1.30 

Meters with reveals beveled to 
_ the interior 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 3.00 x 1 -30 m. 
Sill = 0.90 m. 
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Fig. 141 Performance of window 3.00 x 1.30 
Meters with square reveals 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 3.00 x i.30 m. 
Sill = 0.90 m. 
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Fig. 142 Performance of window 3.00 x 1.30 
Meters with reveals beveled to 
the exterior . • 
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Fig. 143 Performance of window 3.60 x 1.30 
Meters with reveals beveled to 
the interior 
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Fig. 144 Performance of window 3.60 x 1.30 
Meters having square reveals 
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Fig. 145 Performance of window 3.60 x 1.30 
Meters with reveals beveled to 
the exterior 
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Room =4.00 x 3.50 x 2.75 m. 
Window = 1.20 x 1.30 m. 
Sill = 0.90 m. 
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Fig. 146 Performance of window 1.20 x 1.30 
Meters with reveals beveled to 
the interior 
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Fig. 147 Performance of window 1.20 x 1.30 
Meters with square reveals 
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Room = JJ-.OO x 3.50 x 2.75 m. 
Window = 1.20 x I.30 m. 
Sill = 0.90 m. 
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Fig. 148 Performance of window 1.20 x 1.30 
Meters with reveals beveled to 
the exterior 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 1.80 x I.30 m. 
Sill = 0.90 m. 
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Fig. 149 Performance of window 1.80 x 1.30 
Meters with reveals beveled to 
the interior 
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Fig. 150 Performance of window 1.80 x 1.30 
Meters with square reveals 
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Fig, 151 Performance of window 1.80 x 
: 1.30 Meters with reveals 
. beveled to the exterior 
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Fig. 152 Performance of window 2.40 x 
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Fig. 153 Performance of window 2.40 x 
1,30 Meters having square 
j reveals 
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Fig. 154 Performance of window 2.40 x 






1.30 Meters with reveals 
beveled to the exterior 
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Fig. 156 Performance of window 3.00 x 

1,30 Meters with square reveal 
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Fig. 157 Performance of window 3.00 x 
1.30 Meters with reveals 
beveled to the exterior 
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Fig. 158 Performance of window 3.60 x 
1.30 Meters with reveals 
beveled to the interior 
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Fig. 159 Performance of window 3.60 
x 1.30 Meters with square 



. ' .. reveals 
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Fig, 160 Performance of window 3.60 x 
•1.30 Meters with reveals 
1 - beveled to the exterior 
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Fig. 163 Performance of window 1.20 x 

1.30 Meters with reveals beveled 
: - to the exterior 







. 






1 ! : " ; 








.... 












- 






i . 


6-^ V— 


1 ' 1 
T TT TTT 




■ 


- ■ 












- 








j , 1 




;; 






:. 






. ■ 






..: 










teierence poinds 


- 


■: • 


■ 




; 




'. 


- . 






■ : [ .G: 


'■■ 


■- 
:-: 






^ -!•:! -1 : i 1 






-:li 






'■".:. 


Li__ 





<U„ <V»<'.r..d 



Room = JJ-.OO x 3-50 x 2.75 m. 
Window = 1.80 x i.30 m. 
Sill = 0.90 m. 



1.80 



m. 



399 



3.05 



2.90 



[3-00) 



k. 20 



[2.80) 



"ij-.lO 



3.19 



^+.30 



i+.OO 



[3719) ^20) 



.3.90 



3.90 



5. 80 



(3.65) 



^. 80 



(5.50) 



>.70 



Al 

A2 



Bl 
B2 



CI 
C2 



III 



1 
Reference points 



Plan 1:50 






"i 1 ■ 



:, 



III 

Reference points 



Light source = ARTIFICIAL 
Readings = On floor level 
= Model on lawn 










= Model on concrete 






1 




- 












i 












1 


■ • ; 

: 












- . 


; 








. . 












... ' . 














: 














- 








^_ 








: 



Fig, 164 Performance of window 1.80 x 
1,30 Meters with reveals 
beveled to the interior 






I 



: 






• - : 






. 



400 



Room = 4.00 x 3.50 x 2.75 m. 
Window = 1.80 x 1.30 m. 
Sill = 0.90 m. 



-H F 



1.80 



8.60 



11.00 



(8\50) 



10.50) 



11.30 



'11.0C 



9.80 



12.00 



C9T80) 



11.30 
CIT.70) — 



T1.2C 



m. 



11.00 



14.50 

,10.30) 



13.20 

W.oo) 



XT.oc 



V 



n 1 r^ 

1 11 in 

Reference points 

Plan 1:50 



Al 
) A2 



Bl 
) B2 



Gl 

) G2 



- 



to 
I 

CD 

a 16. 

CD 
CD 

•a 14. 

M 

« 12. 






> 

•H 
CD 
O 

0) 

n 



; °> 

I 

CD 
CD 



10- 



8- 



6- 



4- 



2- 



Light source = ARTIFICIAL 
Readings = On floor level 

= Model on lawn 

= Model on concrete 







Fig. 165 Performance of window 1.80 x 

1.30 Meters with square reveals 
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Fig. 166 Performance of window 1.80 x 1.30 
Meters with, reveals beveled to 



the exterior 
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Fig. 167 Performance of window 2.40 x 1.30 
Meters with reveals beveled to 
the interior 
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Fig. 168 Performance of window 2.40 x 1,30 
Meters with square reveals 
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Fig. 169 Performance of window 2". 40 x 

.1.30 Meters with reveals beveled 
to the exterior 
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Window = 3.00 x 1 .30 m. 
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Fig. 170 Performance of window 3.00 x 
1.30 Meters with reveals 






beveled to the interior 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 3.00 x I.30 m. 
Sill = 0.90 m. 
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Fig. 171 Performance of window 3.00 x 

1.30 Meters with square reveals 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 3.00 x 1.30 m. 
Sill = 0.90 m. 
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Fig. 172 Performance of window 3.00 x 
1.30 Meters with reveals 
beveled to the exterior 
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Room = ^.00 x 3.50 x 2.75 m. 
Window = 3-60 x 1.3© m. 
Sill = 0.90 m. 
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Pig. 173 Performance of window 3.60 x 
.1.30 Meters with reveals 
beveled to the interior 
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Room = 4.00 x 3.50 x 2.75 m. 
Window = 3 . 60 x 1 . 30 m. 
Sill = 0.90 m. 
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Fig, 174 Performance of window 3.60 x 

1.30 Meters with square reveals 
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Fig. 175 Performance of window 3.60 x 
1.30 Meters with reveals 
beveled to the exterior 
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Comparative analysis Of Windows Having Differe nt Sizes And Different 
Reveal Shapes. Sources Of Illumination Are Na tural Light And Artificial 
Light. Levels Of Comparisons Are At Floor Level And At The Wor k Plane 
Level. See Figures 176 through 199 . 

The aim of this section is to utilize and incorporate the re- 
sults obtained previously to demonstrate the gain in illumination in- 
side rooms whose windows have specific reveal shapes. 

The Tables 23 through. 30 illustrate the efficiency of the 
windows with square reveals and those with external reveals when com- 
pared to the efficiency of the window with internal reveals. Thus, 
the number appearing in front of each reference point in the table 
indicates the multiple comparability for the light reaching the refer- 
ence point through the different beveled windows. 

It has been observed that no matter what kind of light is used, 
the lighting at both sides of the window is not symmetrical even though 
the window may be located along the center line of the room. The 
reason may be attributed to the structure of the surroundings and the 
direction of the light rays. 

Generally, the window with external reveals admits the greatest 
amount of light in the interior. This is more pronounced when the av- 
erage of the light received by the reference points is compared with 
that resulting from the other two types of windows in this experiment. 
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Performances Of Windows With Square Reveals As 
A Function Of Times Those With Internal Reveals 
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As A Function Of Times Those With Internal 
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Performances Of Windows With Square Reveals As 
A Function Of Times Those With Internal Reveals. 
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Window Performances Of Windows With External Reveals 
Width As A Function Of Times Those With Internal 
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Light source = NATURAL 
Readings = On work plane 

= Model on lawn 

= Model on concrete 

Room = 4.00 x 3.50 x 2.75 111. 
Window = X x 1 . 30 m . 
Sill = 0.90 m. 
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Light source = ARTIFICIAL 
Readings = On work plane 

= Model on lawn 

= Model on concrete// 

Room = ti-,00 x 3.50 x 2.75 m. 
Window = X x 1.30 m. 
Sill = 0.90 m. 
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Light source = ARTIFICIAL 
Readings = On work plane 

= Model on lawn 

= Model on concrete 
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Plans 1:100 

Light source = NATURAL 
Readings = On floor level 

= Model on lawn 

= Model on 
concrete^ 
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Light source = NATURAL 
Readings = On floor level 

= Model on lawn 

= Model on concret 
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